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ABSTRACT 


This  the si 
foundation 
carried  ou 
t  o  pr edic  t 
model y  des 
variety  of 
on  pile  c  r 
Numer i cal 
in  terpre  ta 
given  for 
The  w 
soils  and 
been  s+udi 
in  f r ozen 
model •  Fee 
cast- in— pi 
are  based 
laboratory 


s  deals  with  the  construction  and  design  of  pile 
s  on  permafrost#  Laboratory  creep  tests  were 
t  and  support  the  use  of  a  simple  shear  analysis 
pile  creep  in  permafrost#  On  the  basis  of  this 
ign  charts  were  prepared  for  piles  in  a  wide 
frozen  soils#  A  detailed  review  of  the  literature 
eep  has  confirmed  the  validity  of  these  charts# 
methods  have  been  developed  to  assist  data 
tion  of  pile  creep  tests  and  recommend© t ions  are 
conducting  field  pile  tests  in  permafrost# 
ave  equation  analysis  has  been  adapted  for  frozen 
the  dynamics  of  pile  driving  in  permafrost  has 
ed#  A  review  of  the  literature  on  driving  records 
soils  has  confirmed  the  applicability  of  this 
omme nda t i o ns  are  given  for  the  use  of  bored 
ace  piles  in  permafrost#  These  recoummendations 
on  the  results  of  a  detailed  literature  review  and 


tests . 
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RESUME 


L'objct  de  cette  these  est  d'etudler  la  construction  et 
le  calcul  des  fondatlons  sur  pleux  dans  le  pergelisol*  Des 
essals  de  f  luage  en  laboratolre  ont  conflrme  l*  interet  d'une 
analyse  en  cisalllement  simple  des  solsy  pour  predire  les 
deformations  differees  des  pleux  dans  le  pergelisol*  On  a 
prepare  des  abaquesy  basees  sur  ce  modele,  pour  le  calcul 
des  pieux  mis  en  place  dans  de  nombreux  types  de  sols  geles* 
Une  etude  approfondie  de  la  lltterature  sur  le  fluage  des 
pieux  a  continue  la  validite  de  ces  abaques*  On  a  developpe 
des  methodes  de  calcul  numerique  pour  faciliter  l*analyse 
des  resultats  d'essais  de  fluage  de  pieux*  Or  donne 
egalement  des  directives  pour  effectuer  des  essais  de 
enlargement  de  pleux  dans  le  pergelisol* 

Une  adaptation  aux  sols  geles  de  Paralyse  dynamlque  de 
battage  des  pieux  perraet  d'etudier  cette  technique  dans  le 
pergp l iso l • Une  revue  de  compte— rendus  de  battage  de  pieux 
dans  les  sols  geles  confirme  que  cette  analyse  s'appllque* 

On  donne  des  recommandatlons  pour  l * ut i l i sa tlon  des  pleux 
fores  coulee  en  place  dans  le  pergelisol;  elles  sont  basees 
sur  une  etude  detalllee  de  la  lltterature  et  sur  des  essais 
de  laboratolre* 
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CHAPTER  1 


INTRODUCTION 


JLlI  QS.nS.T9kX 

Exploration  and  development  of  energy  resources  ■within 
the  arctic  circle  in  the  last  two  decades  has  given 
unpr ecedented  impetus  for  the  geotechnical  engineering 
profession  to  improve  piling  practice  in  permafrost  regions* 
Considerable  progress  has  been  made  with  regard  to  the  use 
of  analytical  models  to  study  the  interaction  between  piles 
and  permafrost*  In  spite  of  thisr  the  constitutive 
relationships  of  frozen  soils  are  still  poorly  defined  and 
hence  the  effectiveness  of  these  analyses  is  somewhat 
reduced* 

Studies  of  pile  construction  on  permafrost  in  North 
America  have  been  modest*  Much  of  the  research  has  been 
directed  at  improving  existing  construction  technology 
( Woodward— Lundgren  (  1971  )  and  Rooney  e  t  al *  (  1976)  )•  The 

advent  of  thermal  piles  is  a  notable  exception  to  this 
trend • 

The  major  objectives  of  this  thesis  are  to  present  a 
less  conservative  design  procedure  for  piles  in  frozen  soils 
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and  to  qualify  the  use  of  bored  and  driven  piles  in 
permafrost* 

La.2  Scope  ai  ±hs.  Ift-sala 

The  geotechnical  properties  of  frozen  soils  are 
reviewed  in  Chapter  2*  Existing  creep  data  are  examined  and 
constitutive  relationships  are  proposed  for  a  wide  range  of 
frozen  soils*  Fracture  atrength/time-to-fallure 
relationships  with  regard  to  pile  driving  are  also 
presented • 

The  state-of-the-art  of  piling  in  permafrost  is 
reviewed  in  Chapter  3* 

Chapter  4  summarises  the  results  of  long-term  simple 
shear  creep  tests  on  various  frozen  soils  conducted  as  part 
of  this  thesis*  The  experiments  modeled  stress  transfer  at 
the  pile/soil  interface*  In  the  light  of  these  results  an 
analytical  model  to  determine  pile  creep  in  frozen  soils  was 
proposed  and  design  curves  for  piles  in  a  wide  range  of 
frozen  soils  were  presented  in  Chapter  5*  These  predictions 
are  based  on  the  constitutive  relationships  outlined  in 
Chapter  2*  In  addition  a  new  method  of  evaluating  odfreeze 
strengths  is  proposed* 

Chapter  6  presents  a  theoretical  basis  for  analysing 
pile  driving  in  frozen  soils*  Blowcounts  and  end-bearing 
driving  stresses  are  predicted  using  a  modified  version  of 
the  wave  equation  analysis  (Smith  (1962)  )•  In  addition 

guidelines  are  given  for  analysing  vibratory  driving  in 
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pe  rtnaf  ros  t  • 

Chapter  7  evaluates  the  feasibility  of  using  bored 
cast- in-place  concrete  piles  in  permafrost*  Recent  advances 
in  cementing  technology  in  permafrost  are  reviewed  and  their 
application  to  sub— surface  concreting  is  assessed* 

Guidelines  for  conducting  pile  load  tests  in  permafrost 
are  given  in  Chapter  8*  These  recommendations  are  based  on 
the  results  of  theoretical  studies  of  incremental  test  data 
interpretation!  short-term  creep  of  compressible  piles  and 
short-term  freezeback  pressures  generated  around  frozen— in 
piles* 

Chapter  9  summarises  briefly  the  results  of  this 
research  and  presents  recommendations  for  pile  selection  and 


design  in  frozen  soils* 


CHAPTER  2 


GEOTECHHICAL  PROPERTIES  OF  PERMAFROST  RELATIVE  TO  FOUNDATION 

DESIGN 


2x1  Id trgdvctiga 

This  review  includes  only  the  geo  tech ni cal  properties 
of  frozen  soils  that  are  pertinent  to  design  and 
construction  of  pile  foundations  in  permafrost.  This 
includes  creep  behaviour  at  low  stresses  with  regard  to  pile 
designi  and  fracture  behaviour  at  very  high  stresses  with 
regard  to  pile  driving. 

2t  2  C9f»p9sitl9D  a!  EgQZsn  Srgvinti 

Frozen  soil  is  a  complex  4— phase  system  comprised  of 
mineral  soil  particles  t  ice,  water  and  gases.  The 
interfacial  behaviour  of  these  components  is  governed  by 
thermodynamic  considerations  and  influenced  by  external 
variables  such  as  stress  and  temperature. 

The  size  and  shape  of  the  mineral  grain  and  the 
physico-chemical  nature  of  its  surface  strongly  influence 
the  geotechnical  properties  of  frozen  ground. 

Notwithstanding  this,  ice  is  the  most  important  component  of 
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frozen  soils*  The  mechanical  properties  of  frozen  soil  are 
djminated  by  the  visco-plastic  nature  of  ice*  The  most 
important  ice  type  in  frozen  soils  is  ice  1  which  has  a 
hexagonal  structure* 

Unfrozen  water  exists  in  two  states  in  frozen  soil; 
namely,  strongly  bound  water  and  loosely  bound  water*  The 
strongly  bound  water  is  a  layer  of  water  surrounding  the 
mineral  particle*  The  very  high  intermolecular  forces  within 
this  layer  suppress  freezing,  even  at  very  low  temperatures* 
The  loosely  bound  water  is  a  water  layer  surrounding  the 
strongly  bound  water*  The  intermolecular  forces  In  this 
layer  are  weaker  and  the  water  can  be  frozen*  The  amount  of 
unfrozen  water  present  in  the  frozen  soil  at  a  certain 
temperature  has  been  empirically  related  to  the  specific 
surface  area  of  the  mineral  particles  (Anderson  and  Tice 
(  1971  )  )  and  approximately  related  to  the  liquid  limit  of 

the  soil  (Tice  &JL*  (  1973  )  )• 

The  gaseous  phase  consists  predominantly  of  water 
vapour  and  is  the  least  important  component  with  respect  to 
mechanical  behaviour* 

For  a  more  detailed  review  the  reader  is  referred  to 
Anderson  and  Morgenstern  (1973)  and  to  Tsytovich  (1975)  • 
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2_i 3  Hl*  g.gfllg£hni£ftl  Prgptrtlta  &X  lac 

2j.3i  1  BhgfllggJLcttl  Deforaatlon  Processes  in 
E.alyc  rye  tailing  lac 

Ice  is  a  visco-plastic  crystalline  material*  In 
general,  a  sample  of  ice  will  exhibit  an  instantaneous 
elastic  response  upon  application  of  stress*  Thereafter, 
time-dependent  plastic  deformations  occur,  for  which  three 
modes  of  creep  have  been  defined;  namely,  primary,  secondary 
and  tertiary  creep*  The  major  factors  that  control  the 
development  of  a  particular  creep  mode  are  the  magnitude  and 
duration  of  the  applied  load  and  the  ice  temperature*  During 
primary  creep  the  creep  rate  continuously  decreases;  during 
the  secondary  stage  the  creep  rate  is  constant  and  during 
tertiary  creep  the  creep  rate  continuously  increases*  At 
high  stress  levels  ice  exhibits  all  three  stages  of  the 
classical  creep  curve*  At  low  stress  levels  ice  deforms  in 
the  primary  and  secondary  modes  only*  Further,  the  mode  of 
deformation  may  change  and  the  ensuing  creep  rate  will 
increase  with  an  increase  In  temperature* 

For  a  detailed  review  of  the  mechanics  of  ice  creep  the 
reader  is  referred  to  Langdon  (1973)  ,  Weertman  (1973)  , 
Hobbs  (1974)  ,  Glen  (1975)  ,  Roggensack  (1977)  and  Baker 
(1978)  •  Briefly,  creep  is  a  thermally  activated  process 
and,  as  such,  can  be  described  by  an  Arrhenius-type 
relationship  of  the  form, 
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where  Q  denotes  the  activation  energy*  k  denotes  the 
absolute  temperature  and  B*  and  n  are  constants* 

In  the  stress  and  temperature  ranges  of  interest  to 
geotechnical  engineers  (i*e*  less  than  100  kPa  and  warmer 
than  —10  °C)  there  are  several  deformation  processes  which 
may  contribute  to  the  creep  of  polycrystalline  ice  ( Langdon 
(1973)  )•  From  this  it  emerges  that  creep  activated 

energies,  obtained  from  creep  tests  on  polycrystalline  ice 
at  warm  temperatures,  are  meaningless  since  they  cannot  be 
attributed  to  a  single  creep  process*  This  prompted 
Roggensack  (1977)  to  state 

"•••at  present,  there  exists  no  physical  evidence 
suggesting  an  equation  more  complex  than  a  simple 
power  law  to  relate  strain  rate  to  stress." 

At  temperatures  colder  than  —1  °C  the  dominant  creep 
process  is  thought  to  be  either  "Nabarro-Herrlng"  creep  or 
di sloca t iona l  creep  (Weertman  (1973)  )•  At  warmer 

temperatures  the  creep  process  is  accelerated  as  a  result  of 
pressure-mel ti ng  at  intergranular  contacts,  and 
intergranular  sliding  (Barnes  ai  g^.*  (1971)  )• 

More  recently,  Baker  (  1978)  has  shown  that  the  creep 
rate  of  polycrystalline  ice  is  strongly  influenced  by  the 
average  ice  crystal  grain  size 

"•••For  coarse-grained  ice  (average  diameter  greater 
than  about  1*0  mm),  it  appears  that  creep  is 
dominated  by  internal  dislocation  movement  with 


creep  rate  controlled  by  the  mobility  of 
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dislocations  in  their  glide  planes*  Crystal 
boundaries  are  obstacles  to  dislocation  motion* 
reducing  the  crystal  size  thus  results  in  a 
reduction  in  secondary  creep  rate  in  proportion  to 
about  the  square  of  the  average  grain  diameter* •• 

For  fine-grained  ice*  creep  appears  to  be  dominated 
by  diffusional  processes*  Reduction  of  ice— crystal 
size  results  in  an  Increase  in  secondary  creep  rate 
in  proportion  to  about  the  inverse-square  of  the 
average  grain  diameter*" 

2«  2  A  JLfiiLss  si  Cjgfig  align aii A pg  Iqt.  Kardonly  Qxl&nl&g 

PgiygryglftlilDC  ice 

The  flow  law  for  random  polycrystalline  ice*  under 
multlaxial  conditions*  may  be  described  in  terms  of  the 
second  invariants  of  deviatoric  stress  and  strain  rate*  In 
this  way  the  creep  behaviour  is  assumed  to  be  independent  of 
hydrostatic  pressure  and  the  third  invariant  of  stress*  Glen 
(1975)  has  discussed  the  limitations  of  these  assumptions 
and  concludes 

"For  the  present  it  seems  reasonable  to  continue  to 
use  the  second  invariant  theory*  while  awaiting 
further  experimental  verification  of  its  validity*" 

Emery  and  Nguyen  (1974)  and  Ladanyi  (1972b)  recommend 
adoption  of  the  effective  shear  stress  and  effective  shear 
strain  rate  as  defined  by  Odqvist  (1916)  for  general 


engineering  problems* 
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J"3  >/~X« 2.  . 2. 

£  =1  Ff  . 2* 

where  I2  and  J2  denote  the  second  invariants  of  deviatoric 
stress  and  strain  rate,  respectively*  The  flow  law  now 
becomes 


^  °e.n  . 2.3 

The  advantage  of  this  definition  is  that  Norton's  Law  can  be 
recovered  in  the  uniaxial  case* 

A  detailed  review  of  secondary  creep  rates  in  random 
polycrystalline  ice  was  recently  conducted  by  Morgenstern  e  t 
C  1979  )  y  and  is  presented  in  this  thesis  as  Figure  2*1* 
The  authors  determined  the  following  values  for  the  creep 
parameterst  B  and  n 


B 

n 

(  kPa  •  yr*-1  ) 

—  1  °c 

4.  5x  1 0— 8 

3*  0 

-2°C 

2. OxlO-8 

3.0 

-5°C 

1. OxlO-8 

3.0 

-10°C 

5*  6x10  — 9 

3.0 

EFFECTIVE  SHEAR  STRAIN  RATE,  ee  (years 


Figure  2.1 
Flow  Law  for  Ice 
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2t3«.3  A  ggYl*«  al  iha  jSlrangSh  ErgBgriiwa  cl  Polycryatallin* 

When  ice  fractures  rapidly  it  does  so  in  a  brittle 
manner*  The  process  is  commenced  by  cracks  which  are 
initiated  following  plastic  deformation  of  the  crystals 
(Gold  (1972)  )•  However^  at  lower  stresses  ice  yields  in  an 

apparently  plastic  manner  as  a  result  of  re crys ta 1 1 i sa ti on 
(Steinemann  (  1958  )  )• 

The  strength  of  ice  depends  upon  temperature!  rate  of 
load  application!  type  of  loading,  type  of  ice  and  the 
direction  of  the  stress  relative  to  the  grain  structure* 
Studies  of  the  strength  of  icet  however»  have  not  usually 
been  carried  out  with  sufficient  completeness  or  control  to 
outline  the  influences  of  the  preceding  factors*  Much  of  the 
information  on  the  strength  of  lceT  therefore!  is 
qualitative  and  of  little  general  value*  Reviews  on  this 
subject  have  been  prepared  by  Voitkovskii  (1960)  t  Gold 
(1972)  and  Glen  (1975)  . 

Voitkovskii  (1960)  suggests  that  the  fracture  stress 
increases  linearly  with  decreasing  temperature*  Fawkes  and 
Mellor  (1972)  have  shown  that  fracture  stresses  determined 
from  compression  tests  are  much  higher  than  those  determined 
from  tensile  tests*  Voitkovskii  (1960)  also  suggests  that 
the  fracture  stress  determined  from  shear  tests  is 
approximately  equal  to  half  the  fracture  stress  determined 


from  tension  tests 


Finally!  the  anisotropic  nature  of  the 
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ic®  mono— crystals  renders  the  fracture  stress  dependent  upon 
the  direction  of  stressing  in  relation  to  the  optical  axis 
of  the  crystal  (Gold  (1972)  )•  It  appears  that  in  the 

ductile  yield  range  the  yield  stress  decreases  with 
decreasing  stress  application  rate  and  in  the  brittle 
fracture  range  the  fracture  etress  is  rate— independent* 


2x1  lh&  ffchnicftl  Properties  <ll  Frozen  Sol  Is 

2.i 4 ,t  1  Ebgg.l  flgical  Defo mati on  Processes  In  Frozen  Soils 

SMfrJgCtgrf  JL2  Law  Sir 98  99  0 

The  structure  of  frozen  soil  is  complex*  The  presence 
of  soil  particles  in  a  body  of  ice  can  modify  or  entirely 
alter  the  Indigenous  creep  mechanisms*  The  degree  of 
modification  is  particularly  sensitive  to  the  bulk  density 
of  the  frozen  soil  and  the  grain  size  of  the  soil  particles* 

In  generalf  the  presence  of  soil  particles  impedes  the 
movement  of  dislocations  within  the  ice  crystals,  thereby 
suppressing  ice  creep*  However,  the  soil  particles  may  also 
cause  a  reduction  in  the  average  grain— size  of  the  ice 
crystals  and  at  very  low  concentrations  (i*e*  bulk  densities 
less  than  0*95  Mg/m3)  the  creep  rate  may  be  enhanced  (Hooke 
et  al.  (1972)  ;  Baker  (1978)  )•  At  higher  concentrations  of 

solids*  the  suppressive  mechanism  dominates  and  the  creep 
rate  is  reduced*  This  phenomenon  is  analogous  to  the  problem 
of  dispersion  hardening  of  polycrystalline  metals  (Reed-Hill 
(1973)  )f  and  has  been  shown  to  exist  in  frozen  soils  whose 
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bulk  densities  are  less  than  1*5  Mg/a3  (Hooke  al . ( 1972  )  ). 

The  long-term  creep  characteristics  of  frozen  soils 
whose  bulk  densities  are  higher  than  1.5  Mg/e:3  are 
ill-defined.  The  creep  mechanism  in  denser  fine-grained 
frozen  soils  Is  further  complicated  by  the  presence  of  an 
Interconnecting  network  of  unfrozen  water.  Vialov  (1959) 
points  out  that  for  such  soils*  ti me— dependent  consolidation 
will  occur*  resulting  In  increased  effective  stresses  and* 
therefore,  a  strengthening  of  the  soli  matrix.  Further,  the 
presence  of  unfrozen  water  reduces  the  average  ice  crystal 
size  and  also  assists  grain-boundary  sliding*  thus 
facilitating  plastic  flow  of  the  ice  matrix.  Sayles  and 
Haines  (1974)  reported  unconfined  compression  creep  tests 
(greater  than  1500  hours)  on  frozen  silts  and  clays  of  bulk 
densities  approximately  equal  to  1.8  Mg/m3.  They  indicated 
that  secondary  creep  does  not  exist  for  such  soils* 
throughout  the  time  range  0  to  2000  hours  and  in  the  stress 
range  35  to  250  kPa.  Therefore,  it  is  probable  that  for 
frozen  fine-grained  soils*  secondary  creep  either  does  not 
exist  or  is  insignificant  and  can  be  ignored  in  geotechnical 
considerations. 

Similarly*  the  experimental  works  of  Sayles  (1968)  and 
Sayles  (1973)  have  shown  that  secondary  creep  does  not  exist 
at  low  stresses  for  dense  coarse-grained  frozen  soils. 

2.4.2  A  Proposed  Clftaslf 1 cation  SiX  E C2lfQ  Soils 

On  the  basis  of  the  experimental  evidence  summarised  in 
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the  previous  sectlonf  the  low  stress  creep  behaviour  ol 
permafrost  may  be  classified  according  to  frozen  bulk 
density#  In  this  regardf  the  following  terms  are  introduced# 
1#  Dirty  ice  —  this  term  applies  to  ice  that  has  very  low 

solid  concentrations#  Typical  bulk  densities  are  between 
0 • 9  and  0#95— 1*0  Mg/a3#  Introduction  of  soil  particles 
into  the  ice  matrix  reduces  the  average  grain  size  of 
the  ice  crystalsf  thereby  giving  rise  to  higher  creep 
rates  than  pure  ice# 

2#  Very  dirty  ice  —  this  term  applies  to  ice  that  has 

medium  to  high  solids  concentrations#  These  materials 
display  secondary  creep  rates  much  lower  than  that  of 
polycrystalline  ice#  It  is  speculated  that  these  soils 
do  not  have  extensive  grain  to  grain  contact#  Typical 
bulk  densities  are  between  0.9  —  1#0  and  1#6  —  1#8 
Mg/m3 • 

3#  Ice— poor  frozen  soil  —  this  term  applies  to  saturated 
frozen  soils  whose  deformation  behaviours  are 
characterised  by  primary  creep#  This  definition 
encompasses  all  grain  sizes  and  typical  bulk  densities 
are  between  1#7  —  1#8  and  1#9  -  2*0  Mg/m3# 

4#  Ice— rich  frozen  soil  —  this  term  applies  to  frozen  soils 
having  a  continuous  network  of  segregated  ice#  It  is 
expected  that  the  mineral  layers  will  creep  in  a  primary 
mode  and  that  the  ice  will  deform  according  to  a 
secondary  creep  law#  Thus*  the  overall  creep  response  of 
: he  coiposite  material  is  complex  and  is  very  sensitive 
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to  the  reticulate  structure  of  "the  segregated  Ice?  the 
bulk  density  and  grain  size  of  the  mineral  layers  and 
the  ground  temperature* 

It  is  noted  that  no  distinction  has  been  made  between 
coarse-grained  and  fine-grained  frozen  soils*  However,  it  is 
speculated  that  the  creep  of  frozen  fine-grained  soils  at 
temperatures  very  close  to  the  melting  point  may  be 
considerably  accelerated  by  high  unfrozen  water  contents* 
Under  these  conditions  it  appears  reasonable  to  suggest  that 
such  soils  will  undergo  large  creep  displacements  and  may 
display  secondary  creep  behaviour* 

This  classification  is  tentative  and  is  only  intended 
to  provide  an  approximate  framework  in  which  to  categorise 
the  creep  behaviour  of  frozen  soils*  The  bulk  density 
demarcations  have  been  estimated  on  the  basis  of  the 
aforementioned  creep  data  and  as  more  data  becomes 
available,  the  boundaries  may  be  more  clearly  defined* 

2«  A  Reyi-fig  sJL  gang liiviilxg  EglfliJ.  gnshipfi  nX  Frozen  £gl  la 
in  ±h£  Lsle  Strcaa  Range 

I n  ^ 1 ty  freezing  of  coarse-grained  soils  generally 
results  in  ice— poor  frozen  soil*  Similarly,  in  situ  freezing 
of  fine-grained  soils  creates  a  composite  network  of 
segregated  ice  and  ice-poor  frozen  soil*  Very  dirty  ice  is 
seldom  encountered  in  permafrost  soils*  Therefore,  this 
review  is  limited  to  the  creep  relationships  in  the  low 
stress  range  for  ice-rich  and  ice— poor  frozen  soils* 
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Long-term  creep  teats  have  been  conducted  on 
undisturbed  ice— rich  frozen  soils  containing  varying  amounts 
of  segregated  ice  (Thompson  and  Sayles  (1972)  t  Roggensack 
(  1977  )  and  McRoberts  j^l*  (  1978)  )•  The  field  data  of 

Thompson  and  Sayles  Indicate  that  the  ice— rich  Fairbanks 
silt  in  the  vicinity  of  Fox»  Alaska,  displays  creep  rates 
comparable  to  that  of  polycrystalline  ice*  In  contrast  to 
this,  the  data  presented  by  McRoberts  £_£  (  1978)  indicate 

that  Norman  Wells  silt  displays  lower  creep  rates  than  that 
of  polycrystalline  ice*  Roggensack  (1977)  observed  creep 
rates  in  frozen  clays,  at  -0*8  °C,  higher  than  that  of 
polycrystalline  ice* 

The  data  of  Roggensack  (  1977)  and  McRoberts  e_£  al « 
(1978)  have  been  normalised  to  —1*0  °C  by  Nixon  (1978)  and 
these  data  are  summarised  in  Figure  2*2*  The  discrepancies 
in  these  data  reflect  the  sensitivity  of  the  creep  behaviour 
to  the  variables  outlined  in  the  previous  section*  Since  the 
frozen  mineral  soil  layers  are  characterised  by  primary 
creep,  it  is  logical  to  assume  that  the  short—  to 
middle— term  creep  response  of  an  ice— rich  soil  will  also  be 
characterised  by  primary  creep,  and  that  true  steady— state 
creep  will  only  be  realised  when  the  transient  creep  in  the 
mineral  layers  has  become  very  small*  Hence,  the  long-term 
creep  response  of  ice— rich  soil  is  cho rac ter i sed  by 
secondary  creep  occurring  in  the  reticulate  ice  structure* 

The  short-term  response  will  depend  very  largely  on  the 
relative  magnitudes  of  the  primary  creep  in  the  frozen  soil 
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Figure  2.2 

Creep  Data  for  Ice-Rich  Frozen  Soils,  Adjusted  to  — 1°C 
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and  the  Ice  lenses*  For  example*  dense  vara  fine-grained 
frozen  soils  possess  a  high  unfrozen  water  content*  and  it 
is  probable  that  primary  creep  in  these  soils  is  more 
pronounced  than  in  ice*  Thus*  for  such  an  ice— rich  frozen 
soil  the  stiffer  ice  lenses  will  support  most  of  the  applied 
load*  in  the  short  term*  and  the  overall  material  may  appear 
to  creep  in  the  secondary  mode  at  a  rate  higher  than  that  of 
ice* 

In  this  context,  consider  the  data  of  Roggensack 
(1977)*  These  tests  were  conducted  in  the  temperature  range 
0  to  —1  °C  and  the  soil  mineral  layers  wer*.  characterised  by 
frozen  bulk  densities  in  excess  of  1*9  Mg/m3#  Thus,  it  is 
probable  that  the  soil  layers  were  more  deformable  in  the 
short-term  than  ice.  Hence*  these  samples  may  appear  to 
creep  at  faster  secondary  creep  rates  than  those  predicted 
for  analogous  samples  of  pure  ice*  It  is  anticipated  that  in 
the  long-term  the  frozen  soil  layers  would  stiffen  and 
therefore*  arrest  the  creep  of  the  overall  material# 

The  above  reasoning  provides  a  rational  explanation  for 
the  anomalies  in  the  observed  creep  behaviour  of  ice— rich 
frozen  soils,  and  supports  the  view  that  the  flow  law  for 
ice  provides  a  conservative  estimate  of  the  creep  of  an 
ice-rich  frozen  soil# 

Hult  11966)  proposed  the  following  multiaxial  creep  law 
to  describe  the  primary  creep  of  high  temperature  metals 


2.4 
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where  and  0^,  are  defined  In  Equation  2*2,  t  Is  the  tine 
elapsed  after  application  of  load  ( hr  )t  Is  an  arbitrarily 

selected  strain  rate*  ^  is  the  creep  proof  stress  and  ■  and 
yU.  Are  creep  exponents*  For  frozen  soils  equation  2*4  may 
be  more  simply  stated  as  follows 


Co.  b 


2.5 


where  K,  c  and  b  are  temperature-dependent  material 
parameters.  Vialov  (  1962  )  proposed  that  the  temperature 
dependence  of  K  may  be  stated  as  follows 


K 


[w(0+  0*l 


2.  6 


where  0  is  the  temperature  below  freezing  in  centigrade 
degrees  and  w  and  k  are  material— dependent  parameters. 

Fquation  2.5  does  not  take  into  account  the  influence 
of  the  mean  normal  pressure  (  O',  ■+•  <5^  <y^)/3,  where  G~\  i 

and  £5^  are  the  three  principal  stresses.  Recognising  this* 
Ladanyi  (1972b)  used  the  Von  Mlses  failure  criterion  to 
model  the  influence  of  hydrostatic  pressure  on  the 
steady— state  creep  rates.  This  approach  may  be  extended  to 
non— steady  creep  rates;  thus  the  dependence  of  strain  on  the 
confining  pressure  in  the  primary  creep  range  can  be  stated 
as  follows. 


2.7 


20 


where  f=(  1  +  si n0  )/(  1-sl n0 )  and  0  is  a  "pseudo”  internal  angle 
of  friction#  The  applicability  of  Equation  2*7  to  represent 
the  creep  of  ice— poor  frozen  soils  can  be  explored  by 
back— analy a i s  of  the  confined  compression  creep  data  of 
Sayles  (1973)  •  Such  a  synthesis  has  been  undertaken  as  part 
of  this  thesis  and  is  described  in  Appendix  A*  The  constants 
in  Equation  2*7  were  determined  from  analysis  of  the  creep 
data  and  are  presented  in  Table  A*3*  The  applicability  of 
this  type  of  constitutive  relationship  was  then  assessed  by 
comparing  the  strain/time  behaviour,  predicted  by  Equation 
2*7,  with  the  actual  observed  behaviour*  This  comparison  is 
presented  in  Figure  2*3*  The  agreement  between  observed  and 
predicted  behaviour  is  good*  Thus,  this  set  of  data  supports 
the  use  of  Equation  2*7  to  describe  the  confined  compression 
creep  behaviour  of  ice— poor  frozen  soil*  Finally,  the 
predictive  capacity  of  Equation  2*7  was  also  checked  against 
unconfined  compression  creep  data  (Sayles  (1968)  • 

Inspection  of  Table  A* 3  shows  that  the  creep  exponents  as 
determined  from  the  two  data  sets  are  in  reasonable 
agreement*  Further,  examination  of  Figure  2*4  which  presents 
a  comparison  of  creep  data  as  observed  by  Sayles  (1968)  and 
as  predicted  by  Equation  2*7,  confirms  that  the  predictions 
are  also  good* 


The  accuracy  of  Equation  2*7  is  reduced  as  the  ratio 


CJy 

approaches  unity  and  for  -r— *  less  than 

-r  <r3 

accuracy  can  be  obtained  if  '  f*  is  taken  as  unity* 


less  than  1*25,  better 


Unfortunately,  at  this  .'lire  lack  of  multlaxlal  creep  data 
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b)  d3=  0.517  MPa 


c)  (T3=  2.76  MPa 


OBSERVED  CREEP  (SAYLES  1973) 
PREDICTED  CREEP 


Figure  2.3 

Comparison  of  Predicted  and  Actual  Creep  Behaviour  for  Ottawa  Sand 
(Data  from  Sayles  (1973)) 


UNIAXIAL  STRAIN 
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-  OBSERVED  CREEP (SAYLES  1968) 

- PREDICTED  CREEP 


TIME  (HRS.) 


Figure  2.4 

Comparison  of  Predicted  and  Actual  Creep  Behaviour  for  Ottawa  Sand 
(Data  from  Sayles  (1 968)) 
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precludes  verification  of  Equation  2*7  and  therefore,  it 
should  be  used  with  caution* 

2aA«  4  A  EtTltl  Ol  tbl  gj3«o\<JglCftl  strength  Properties  fiX 
Frggtn  Soils  Subject  JLfl  KiMh  strain  Rates 

Thl9  review  includes  only  the  strength  properties  which 
are  pertinent  to  pile  driving  analysis,  i.e*,  strengths 
associated  with  high  strain  rates* 

A  review  of  possible  failure  mechanisms  for  brittle 
fracture  of  frozen  soils  can  be  found  in  Haynes  fiJt  al« 

(1975)  and  Haynes  and  Karallus  (1977)  • 

The  compressive  strength  of  frozen  Fairbanks  silt  has 
been  determined  for  a  wide  range  of  temperatures  and  strain 
rates  (Haynes  (1975)  and  Haynes  and  Karallus  (1977))* 

The  relationship  between  the  compressive  strength  of  frozen 
Fairbanks  silt,  temperature  and  t i me- to-f a  1  lure  (analogous 
to  strain  rate)  are  summarised  in  Figures  2*5  end  2*6,  and 
can  be  described  by  the  following  equation 

Cw-  . 2.8 

where  O’cu.  Is  the  unconfined  uniaxial  compressive  strength 
(MPa),  t^.  is  the  time  to  failure  (seconds),  D  is  a 
temperature  dependent  parameter  and  nu  i  s  a  constant* 

From  Figures  2*5  and  2*6  the  following  relationship  was 


ob tai ned 


' 
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Figure  2.5 

Relationship  Between  Compressive  Strength  and  Time  to  Failure  for 
Frozen  Fairbanks  Silt 


TIME  TO  FAILURE  lu  (SECONDS) 


(MPa  SEC. 
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Figure  2.6 

Variation  of  Parameters  D  and  m  for  Frozen  Fairbanks  Silt 
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D=-  l  “7  +  0  545T  . 2.9 

where  T  is  ‘the  temperature  In  cent  i  Trade  degrees  below  0  °C  , 
and  m  =  —0.34.  Therefore!  for  frozen  Fairbanks  silt  (bulk 
density  =  1.83  Mg/m3),  Equation  2.8  becomes 

Ccu_-  (.1 ■T  +  0-S45-T)t('034'  . 2.10 

Haynes  and  Karalius  (1977)  found  that  the  compressive 
strength  of  polyc ry stall  5 ne  ice  is  approximately  50-67  % 
greater  than  that  of  frozen  Fairbanks  silt.  The  results  of 
Sayles  (1973)  indicate  that  the  compressive  strength  of 
frozen  Ottawa  sand  (bulk  density  =  2.00  Mg/m3)  may  be  as 
much  as  an  order  of  magnitude  greater  than  that  of  frozen 
Fairbanks  silt.  Finally,  the  results  of  Perkins  and  Ruedrich 
(1973)  indicate  that  the  compressive  strength  of  Penn  sand 
(bulk  density  =  2.07  Mg/m3)  is  approximately  500  %  greater 
than  that  of  frozen  Fairbanks  silt.  Thus,  the  parameters  in 
Equation  2.9  may  be  approximated  for  po lyc rys t a l l i n e  ice, 


Ottawa  sand  and  Penn  sand. 


CHAPTER  3 


A  REVIEW  OP  CURRENT  PILING  TECHNIQUES  IN  PERMAFROST 

3-il  GWQtWCbnlCftl  FfghUia  AgflocUttd  with  Dgfllgn  AlUt 
Construction  &I  Flit  foundations  La  Ptraafroet 

In  frozen  fine-grained  soils*  the  volume  of  ice  may  be 
greater  than  that  of  the  soil  solids*  Thawing  of  this  ice 
can  change  a  perennially  frozen  soil  from  a  firm  bearing 
material  into  a  slurry  with  no  supporting  capacity* 

Permafrost  conditions  at  a  site  are  often  in  a  delicate 
state  of  thermal  equilibrium*  which  renders  permafrost  a 
very  difficult  material  on  which  to  carry  out  construction 
without  some  thawing  of  the  frozen  soil*  The  situation  is 
further  aggravated  by  the  impervious  nature  of  the 
permafrost;  rainfall  and  water  from  melting  snow  cannot 
drain  into  the  ground*  but  instead  forms  pools  and  lakes* 
This  induces  a  net  Increase  of  heat  flux  into  the 
permafrost*  thereby  lowering  the  permafrost  table*  This  is 
particularly  important  during  the  design  life  of  a  structure 
when  a  degrading  thermal  regime  can  reduce  the  effective 
pile  embedment  area  and  increase  the  downdrag  loading  on  the 
p 1 les  • 

During  autumn  the  ground  refreezes  and  in  fine-grained 
soils  piles  may  experience  considerable  uplift  forces  in  the 
active  layer*  The  heave  is  seldom  uniform  and  differential 
movements  may  disrupt  the  foundation* 

he  occurence  of  ice  in  frozen  soil  also  renders 
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permafrost  a  non-linear  visco-elastic  material.  To  this 
extent*  the  instantaneous  strength  is  comparable  to  that  of 
concrete*  while  the  long-term  strength  is  several  orders  of 
magnitude  lower.  This  decrease  in  strength  is  associated 
with  time  dependent  deformation  behaviour. 

Long  term  observations  on  polar  glaciers  and  ice 
shelves  suggest  that  the  deformation  behaviour  of  ice  is 
characterised  by  undamped  creep.  This  characteristic  of  ice 
strongly  influences  the  stress-strain  behaviour  of  frozen 
soils  and  due  consideration  must  be  given  to  this  phenomenon 
in  the  design  of  pile  foundations. 

It  should  not  be  inferred  that  all  permafrost  soils 
present  the  above  problems.  Clean,  coarse-grained  materials 
rarely  contain  aporeciable  ice  and  this  obviates  frost  heave 
and  thaw  consolidation  and  minimises  time-dependent 
considerations.  In  fact,  frozen  granular  materials  usually 
provide  a  very  competent  foundation  base. 

3. 2  A  Review  sil  Pile  Types  Pa<gd  In  Pffrm 

3x2x1  Timber  EAlea 

Timber  piles  are  generally  the  least  expensive  pile 
type  and  have  been  used  extensively  in  the  permafrost  areas 
of  Canada.  Local  spruce  and  Douglas  fir  are  the  most  common 
source  of  timber  and  are  readily  available  in  lengths  from  6 
to  15  m  and  diameters  from  0.15  to  0.35  m.  Timber  piles  must 
be  protected  In  the  active  layer  against  deterioration  and 
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decay*  This  is  achieved  using  either  a  "brush-on" 
preservative  or  pressure  creosotlng  techniques* 

Timber  piles  offer  favourable  insulation  and  seismic 
properties  and  develop  higher  adfreeze  bond  strengths  with 
permafrost  than  steel  piles*  The  principle  disadvantage  of  a 
timber  pile  is  Its  comparatively  low  structural  strength*  To 
this  extent*  wooden  piles  cannot  be  driven  and  cannot  be 
used  to  support  large  loads* 


2±2jl2  Steel  E±1&m 

Steel  pipes  and  H  piles  are  the  most  common  pile  type 
in  Alaska  and  are  now  common  in  northern  Canada*  Drill  stem* 
rails  and  hollow  box  sections  are  also  used  occasionally* 

Steel  piles  must  be  protected  against  oxidation  and 
corrosion  in  the  active  layer*  This  is  easily  achieved  using 
a  protective  paint*  Steel  piles  are  usually  more  expensive 
than  timber  piles*  Further*  the  adfreeze  bond  between  steel 
and  frozen  soil  is  less  than  that  between  wood  and  frozen 
soil*  However*  this  may  be  overcome  by  using  a  corrugated 
steel  section* 

The  principle  advantages  of  steel  piles  are  that  they 
can  be  driven  into  most  types  of  warm  permafrost  (Davison  e  t 
al *  (1978)  )  and  can  support  higher  structural  loads  than 

timber  piles* 


Cflocrfltf  Plica 


In  North  America*  economic  considerations  have  led  to  a 
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preference  for  steel  piles  over  concrete  piles*  However* 
precast*  reinforced  square  and  circular  concrete  piles  are 
used  extensively  in  the  OSSH  where  steel  is  a  relatively 
expensive  commodity*  Concrete  piles  may  be  driven  and  can 
also  support  high  loads*  Further*  the  thermal  properties  of 
concrete  render  it  a  more  favourable  construction  material 
than  steel  in  permafrost  regions* 

The  major  concern  with  a  concrete  pile  relates  to  its 
low  tensile  strength*  which  generally  precludes  its  use  in 
areas  where  substantial  frost  heave  forces  are  allowed  to 
develop  on  the  pile  in  the  active  layer* 

Cast— in-place  piles  have  been  used  only  occasionally  in 
permafrost  regions  because  of  the  strength  and  thermal 
problems  associated  with  curing  concrete  in  a  cold 
e  nvi r onmen t • 

3  t  2  ,i..4  P-H-gg 

Thermal  piles  consist  essentially  of  one  or  more 
concentric  steel  pipes*  They  are  most  often  used  in  areas  of 
marginal  permafrost  where  extra  assurance  of  freezeback 
and/or  maintenance  of  design  adfreeze  bond  is  needed* 

These  self-refrigerated  piles  remove  the  heat  from  the 
ground  surrounding  the  embedded  portion  of  the  pile*  and 
transfer  it  to  the  top  of  the  pile*  where  the  heat  is 
dissi  'ftted  to  the  atmosphere*  Thermal  piles  of  various 
designs  are  in  use*  The  most  common  is  the  two  phase  system 


which  operates  on  an  evaporation  and  condensation  cycle*  in 


which  ths  pll«  ia  charged  with  propane;  carbon  dioxide  or 
othet  suitable  evaporative  materials  (Long  (1963)  and  Long 
( 1973)  )■  The  ground  heat  causes  the  fluid  to  evaporate* 
which  In  turn  condenses  in  the  upper*  colder  above-ground 
portion  of  the  pile*  thus  effecting  a  heat  transfer 
mechanism  which  functions  only  In  the  winter*  Fixed 
radiation  surfaces  are  commonly  used  above  ground  to 
facilitate  heat  transfer* 


3« 3  A  Btxity  s>l  Pile  Esclac f  gnt  Methatia  In  Paraalraat 

The  following  methode  have  been  used  to  place  piles  i 
permafrost 

1*  Placement  in  a  steam-thawed  hole  of  diameter  greater 
than  the  pile  diameter* 

2«  Placement  in  a  bored  hole  of  diameter  greater  than  the 
pile  dlame  ter* 

3*  Direct  driving  using  an  impact  hammer* 

4*  Direct  driving  using  a  vibratory  hammer* 

5*  Driving  into  steamed  or  bored  holes  of  diameters  less 
than  the  pile  diameter* 

Various  combinations  and  modifications  of  the  above 
have  also  been  used* 

Elftcaatnt  la  a  Slaaa-tfaftggdj  Qyt ralstrf  Bala 

Prior  to  I960*  piles  were  traditionally  irstalled  in 
pens:  'rest  by  prethawing  an  oversized  hole  using  steam 
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points*  Ths  Mthod  is  quick  and  cheap  an <1  has  been 
successful  when  applied  with  knowledge  and  control*  However* 
ths  consequences  of  the  improper  unp  of  this  aethod  are  very 
serious*  Sanger  (  1969)  has  documented  several  Instances  when 
piles  have  failed  as  a  result  of  poorly  controlled  steaming* 
Further*  injection  of  steam  into  permafrost  introduces  large 
quantities  of  heat  and  water*  which  can  increase 
considerably  the  time  required  for  oils  refreezing*  Sanger 
(1969)  recommends  that  "steamed"  piles  In  warm  permafrost 
should  be  placed  one  year  in  advance  of  building 
construction*  Artificial  refrigeration  may  be  used  to  hasten 
freezeback*  but  this  technique  is  expensive  and  hence  is  not 
particularly  attractive* 

Steam  may  be  used  for  all  shapes  and  types  of  piles* 
but  in  the  past  has  most  commonly  been  used  in  conjunction 
with  timber  piles*  Steaming  oversized  holes  is  no  longer 
recommended  in  warm  permafrost*  A  more  detailed  account  of 
this  method  is  ^lven  by  Sanger  (  1969)  • 

In  an  attempt  to  obtain  improved  steaming  control*  and 
therefore  reduce  the  amount  of  heat  put  into  the  permafrost, 
Goncharov  (1964)  proposed  drilling  a  small  pilot  hole  in 
advance  of  steaming*  This  method  has  proved  successful  in 
the  USSR  in  frozen  clays,  silts  and  sands  (Goncharov 
(1964))*  However*  it  cannot  be  used  in  coarse-grained  frozen 
soils* 

A  more  recent  modification  to  the  steaming  technique 
has  been  developed  in  the  USSR  (Porkhaev  e  t  al •  (  1977)  )•  In 
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this  s*thod  a  hoi.*  la  advanced  using  a  "steam  vlbrolsader"  i 
into  which  the  pile  is  lightly  driven*  The  steaa  vibroleader 
consists  of  a  hollow  tube  with  a  cutting  bit  attached  to  lta 
lower  end  to  which  steaa  is  supplied*  The  steaa  thawa  the 
frozen  soil  around  the  leader  perimeter  and  then  escapes  to 
the  surface  through  the  interior  of  the  leader*  A  vibratory 
pile  driver,  fixed  to  the  upper  section  of  the  tube,  forces 
the  leader  down  into  the  thawed  soil*  In  this  way,  thawing 
of  the  ground  precedes  the  advance  of  the  leader  thereby 
minimising  mechanical  interaction  between  the  cutting  bit 
and  the  permafrost  hence  increasing  the  service  life  of  the 
cutting  bit. 

Upon  removal  of  the  leader,  the  pile  is  driven  into  the 
thawed  column  of  soil*  The  pile  displaces  the  slurry  thereby 
filling  the  annulus  around  the  pile*  This  Is  a  particularly 
attractive  feature  in  winter  when  artificial  slurry 
preparation  is  often  very  difficult*  This  method  has  been 
highly  acclaimed  in  the  USSR,  where  it  has  been  applied  with 
much  succesr,  even  in  gravelly  and  bouldery  frozen  soils* 


3*3*2  Placement  in  a  Bored  Qyeralzgrf  Hfflg 

In  this  method  the  pile  is  placed  in  a  pre-bored 
oversized  hole  and  the  annulus  around  the  pile  is  backfilled 
with  a  soil/water  slurry*  Sanger  (1969)  recommends  a  sand 
slurry  of  the  following  grading  for  an  annulus  greater  than 


1 2  mm 
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Sieve  Size  %  Finer  by  Weight 


3/8” 

100 

*4 

93-100 

010 

70-100 

040 

17-57 

0200 

0-17 

and  for  an  annulus  less  than  12  mm  a  water  or  silt/clay 
slurry  is  suggested! 

Slurries  are  normally  prepared  in  portable  concrete 
mixers  to  the  consistency  of  0#15  m  slump  concrete,  and 
placed  in  approximately  one  metre  lifts  around  the  pile  and 
vibrated  with  a  small  diameter  concrete  spud  vibrator# 

Sanger  (1969)  recommends  that  the  temperature  of  the  slurry 
should  not  be  greater  than  5  °C# 

This  method  may  be  used  for  all  shapes  and  types  of 
piles  and  has  been  used  extensively  in  all  permafrost  soil 
types  but  is  particularly  useful  when  site  conditions  do  not 
permit  driving  or  steaming# 

3« 3  Plrwci  Driving  Palna  Imnni  Sagimffrs 

If  ground  conditions  permit,  pile  driving  is  the 
preferred  installation  method#  The  advantages  of  driving 
have  been  summarised  by  Davison  si.#  (  1978  )  as 
1#  Minimal  disturbance  of  soil  physical  and  thermal  regime 
during  installation# 

2#  Construction  speed  during  placement# 
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3*  Immediate  load  support  potential* 

4*  Placement  under  severe  environmental  conditions* 

5*  Minimization  of  discrete  work  operations* 

6*  Minimization  of  different  trades  involvement* 

The  low  compressive  strength  of  wood  precludes  the  use 
of  driven  timber  piles*  Structural  steel  members  of  various 
sections  have  been  driven  in  North  America  in  a  wide  range 
of  permafrost  soils  with  the  exception  of  very  dense 
granular  deposits*  The  most  successful  steel  sections  have 
been  H  and  hollow  pipe  piles*  Davison  ii*  (1978) 
recommend  an  H  pile  modified  with  angle  pockets  on  either 
side  of  the  web*  for  use  in  coarse-grained  soils*  Piles  have 
been  driven  in  permafrost  using  a  wide  range  of  impact 
driving  equipment  with  rated  hammer  energies  varying  from  20 
kJ  to  54  kJ* 

3t3»4  vifcratarz  Bx lying 

In  this  method*  the  pile  is  vibrated  longitudinally  at 
frequencies  of  up  to  135  cps  with  an  amplitude  of  0*02  to 
0*03  m*  The  vibrations  are  produced  by  rotating  eccentric 
weights*  whose  horizontal  components  cancel  cne  another*  but 
whose  vertical  components  are  additive  and  are  transmitted 
to  the  pile  through  a  mechanical  or  hydraulic  clamp*  The  net 
downward  force  on  the  pile  is  supplied  by  the  dead  weight  of 
the  machine  and/or  a  crowd  force  from  the  driving  mast* 

The  vibration  generates  frictional  and  exothermal  heat 
at  tie  pile/soil  interface*  thereby  thawing  th^  adjacent 
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•  oil  and  hence  facilitating  driving* 

This  method  is  best  suited  to  piles  of  small 
cross— sect ional  area,  l*e*  H  and  open  ended  hollow  pipe 
pi les • 

2i..3«-5  Driving  Into  Pnderslzed  Holes 

In  order  to  expedite  driving  in  difficult  ground 
conditions  a  small  diameter  pilot  hole  may  either  be  steamed 
or  drilled*  This  also  assists  in  maintaining  correct  pile 
alignment  during  driving*  This  method  is  frequently  used  in 
North  America  to  drive  steel  H  piles  and  its  used  extensively 
in  the  USSR  to  drive  reinforced  concrete  piles*  However, 
recently  in  the  USSR  attention  has  been  given  to  the  zone  of 
thawed  soil  which  is  produced  at  the  tip  of  large  area  piles 
during  driving*  This  contained  zone  of  thawed  soil  refreezes 
In  a  closed  system,  thus  generating  considerable  upward 
pressure  beneath  the  tip*  In  light  of  this  problem, 

Slvanbaev  and  Kolesov  (1976)  recommend  that  such  piles  be 
allowed  to  stand  for  4  to  5  months  prior  to  loading* 

3t  3 1.6  An  Overview  slL  gilt  Emplflctfftnt  MgJhnag 

Pile  Installation  techniques  now  utilize  modern 
steaming,  drilling  or  driving  techniques  and  effectively 
minimise  permafrost  thermal  disturbance.  Installation 
methods  are  determined  by  ground  temperatures,  the  type  of 
soil,  the  required  depth  of  embedment,  the  type  of  pile,  and 


the  difficulty  and  cost  of  mobilising  the  required  equipment 


..  .  •••><■  »  ■•••  ’  ■*m+t9 
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and  personnel  at  the  site* 

Pll«  driving  is  ths  preferred  installation  technique  in 
frozen  fine-grained  wars  permafrost  soils*  The  effectiveness 
of  pile  driving  is  still  not  clearly  defined  in  cold 
permafrost  and  coarse-grained  frozen  soils*  particularly  in 
relation  to  vibratory  driving*  At  present  in  North  America* 
frozen— in  piles  are  considered  the  only  reliable  means  of 
placing  piles  in  these  soils*  However*  the  Soviets  have 
recently  developed  a  new  pile  Installation  tool  that  employs 
both  steaming  and  vibratory  driving  techniques*  Using  this 
method  piles  have  satisfactorily  been  driven  in  all  types  of 
frozen  sol  Is • 


2x4  A  Eeylsw  Ptslga  Techniques  for  Pll&g  In  Permafrost 

The  design  of  pile  foundations  in  permafrost  must 
satisfy  both  rheological  and  thermal  considerations*  The 
thermal  aspect  of  pile  design  addresses  the  following  issues 
1*  The  design  must  guard  against  unacceptable  changes  in 
the  ground  thermal  regime  which  may  be  imposed  by  the 
above-ground  structure* 

2*  The  design  must  guard  against  unacceptable  changes  in 
the  ground  thermal  regime  which  may  arise  from  heat 
conduction  down  the  pile*  Analytical  solutions  to  this 
problem  are  given  by  Nees  (1951)  and  Nixon  (1978)  • 

3*  The  time  for  freezeback  of  slurried  piles  mist  be 


determined*  Closed— fora  solutions  to  this  problem 


are 
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based  on  radial  heat  flow  from  an  infinite  composite 
cylinder  ( Scott  C  1956  )  *  Lee  (  1963  )  and  Maksimov 
(  1967  )  ). 

4*  The  design  of  thermo-piles  requires  a  computer  solution 
to  the  complex  problem  of  transient,  three-dimensional 
heat  flow  around  a  pile  in  permafrost*  This  problem  has 
been  addressed  by  Long  (1963)  t  Reid  (1975)  , 

Buchko  aA*  (1975)  ,  and  Nixon  (1978)  • 

The  rheological  aspect  of  pile  design  ensures  safety 
against  gross  failure  or  excessive  settlement*  A  pile 
embedment  depth  is  determined  which  can  support  the  imposed 
loads  on  the  pile  under  the  worst  loading  conditions,  unless 
suitable  end-bearing  in  a  competent  material  can  be 
obtained* 

The  stresses  acting  on  a  pile  in  permafrost  during 
winter  and  summer  are  shown  in  Figure  3*1*  Wherever  the  pile 
is  frozen  to  the  soil  the  loads  are  transferred  via  the 
adfreeze  bond*  The  adfreeze  bond  strength  is  a  function  of 
time,  temperature,  the  roughness  of  the  pile  and  the  nature 
of  the  frozen  soil  at  its  interface*  Load  transfer  in  the 
thawed  zone  is  effected  via  adhesion  and  friction* 

In  winter  the  pile  must  resist  both  frost  heave  and 
downdrag  forces  in  the  active  layer*  The  magnitude  of  frost 
heave  will  depend  upon  the  frost  susceptibility  of  the  soil 
and  the  availability  of  water* 


Consideration  of  vertical  equilibrium  gives 
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Figure  3.1 

Stresses  Acting  on  a  Pile  During  Winter  and  Summer 
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3.  1 


The  temperatures  in  tha  refreezing  active  layer  are 
much  colder  than  in  the  permafrost,  consequently,  the 
adfreeze  strength  in  the  active  layer,  is  much  greater 

than  that  in  the  permafrost,  1  ap  •  Therefore,  a  design 
against  frost— heave  baaed  on  embedment  area  alone  is  usually 
impractical  and  designs  usually  employ  passive  measures  to 
combat  frost  heave*  One  or  more  of  the  following  techniques 
have  been  used 

1*  The  adfreeze  bond  may  be  reduced  in  the  active  layer  by 
isolating  the  pile  in  the  active  layer  using  an  oil-wax 
g  rea  se • 

2*  The  overall  stability  of  the  pile  may  be  increased  by 

either  using  a  corrugated  pile  or  grouting  the  pile  into 
a  firm  bearing  horizon* 

3*  The  f ros t— suscep t i ble  soil  around  the  pile  in  the  active 
layer  may  be  replaced  with  nonfros t— susceptible 
material* 

4*  The  water  table  may  be  lowered* 

5*  The  dead  load  on  the  pile  may  be  increased* 

If  the  problem  of  frost  heave  is  obviated  then  equation 
3*1  reduces  to 


irdt2  -  P  =  O 


3.2 
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In  summer  the  equation  becomes 

(taps  U- -h  o-e-TTa,1- p.  o  . 3*3 

As  mentioned  ax  the  outset  pile  failure  can  occur  in 
the  form  of  either  gross  disruption  of  the  adfreeze  bond  or 
excessive  settlement  engendered  by  creep  of  the  frozen  soil* 
A  design  against  adfreeze  bond  failure  is  based  upon 
published  adfreeze  strength  values  and  carried  out  for  the 
worst  loading  conditions  as  defined  by  Equations  3*2  or  3*3* 
In  ice-poor  soils  creep  settlements  are  damped  and  the 
design  focuses  on  allowable  adfreeze  strengths*  However* 
ice— rich  frozen  soils  display  non-attenuating  creep 
characteristics  and  Nixon  and  McRoberts  (1976)  have  shown 
that  for  such  soils*  the  design  load  is  determined  from 
consideration  of  tolerable  creep  settlements  during  the 
service  life  of  the  structure  and  not  by  allowable  adfreeze 
strengths*  They  modeled  the  behaviour  of  a  vertically  loaded 
pile  in  a  non-linear  visco-elastic  material  and  presented 
design  curves  based  on  limiting  creep  settlements  for  piles 
in  ice  and  ice— rich  permafrost* 

The  problem  of  laterally  loaded  piles  in  permafrost  has 
been  addressed  by  Ladanyi  ( 1972a)  who  proposed  a  design 
based  on  the  analysis  of  an  expanding  cylindrical  cavity* 

The  problem  of  vibratory  loaded  piles  is  still  largely 
undefined  and*  as  yet*  no  rational  analytical  basis  for 
design  has  been  presented*  The  problem  is  circumvented  by 
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employing  vibration  dampers  to  isolate  the  foundation  froa 
the  vibration  source*  Additional  precautions  are  usually 
taken  to  ensure  that  the  imposed  vibrations  do  not  cause 
resonance  in  the  pile* 

3jl4«,1  Cumat  Flit  Ptalaa  Philosophic*  la  North  America 

At  present  there  are  no  standards  for  the  design  and 
construction  of  pile  foundations  in  permafrost  in  North 
America*  In  1971  the  U*S*  Artny/Air  Force  released  a 
preliminary  draft  proposing  guidelines  for  foundation  design 
in  permafrost  (D.S*Army  /Airforce  (1967)  )•  However,  this  is 

still  under  review  and  at  this  time  has  not  yet  been 
publicly  released* 

The  choice  of  pile  type  and  implementation  method  for 
small-scale  piling  operations  is  usually  dictated  by  the 
availability  of  local  materials  and  equipment*  However, 
economic  considerations  on  large-scale  piling  projects 
usually  justify  the  use  of  a  comprehensive  field 
investigation  to  determine  the  most  suitable  construction 
procedures*  Such  investigations  often  include  both 
sub-surface  logging  and  pile  load  test  programs*  In  this 
way,  Alyeska  Pipeline  determined  that  a  frozen— in  steel  pile 
would  be  the  most  suitable  pile  for  the  trans-Alaska 
p ipel  ine • 

.'he  hemal  aspect  of  design  is  normally  undertaken 
using  the  procedures,  outlined  in  the  previous  section*  The 
problem  of  frost— heave  is  usually  obviated  by  use  of 
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suitable  passive  techniques  also  outlined  in  the  previous 
section*  Therefore,  the  rheological  aspect  of  design  reduces 
to  detersinlng  an  allowable  load  which  satisfies  both  frozen 
soil  strength  and  deformation  considerations* 

In  the  past  the  phenomenon  of  pile  creep  in  frozen 
soils  was  not  recognized  as  a  major  geotechnical  concern  and 
hence  pile  design  was  based  on  adfreeze  bond  strengths* 
Adfreeze  strengths  for  very  rough  piles  (i*e*  wood  or 
corrugated  steel  piles)  approach  the  shear  strengths  of  the 
frozen  soils*  However,  the  adfreeze  strengths  of  smooth 
piles  are  strongly  influenced  by  the  presence  of  ice  at  the 
pile  interface  and  therefore,  by  the  method  of  installation* 
At  present  there  is  no  comprehensive  set  of  guidelines  which 
gives  recommended  adfreeze  strength  values  for  various  pile 
configurations*  The  selection  of  adfreeze  strength  is  left 
to  the  discretion  of  the  engineer* 

Current  design  methodology  recognises  the  importance  of 
pile  creep  in  ice-rich  soils  and  so  advocates  a  "limiting 
deformation"  based  design*  Such  designs  are  based  either  on 
predicted  deformation  behaviour  as  obtained  from  analysis 
or,  on  the  results  of  long-term  oile  load  tests*  Nixon  and 
McKobertst  1976  )  have  proposed  a  design  approach  for  ice-rich 
soils,  based  on  the  flow  law  of  ice*  The  design  of  piles  for 
the  Trans-Ala6ka  pipeline  was  based  on  field  pile  creep 
tests  (Morgenstern  (1978)  )• 

In  summary,  there  appears  to  be  general  agreement  that 
pile  design  in  ice— rich  soils  should  be  based  on  limiting 
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creep  deformations  and  in  ice-poor  soils  should  be  based  on 
allowaole  adfreeze  strengths*  However*  at  this  time  there 
have  been  no  attempts  to  define  the  range  of  applicability 
of  either  of  these  designs*  Pile  design  in 
semi-i ce-poor/ ice-r ich  soils  is*  therefore*  left  to  the 
discretion  of  the  design  engineer* 

3t  4 1.2.  Currtni  flit  Bf.Lgfl  Philosophies  In  fhs  PSSR 

Pile  design  in  the  USSR  is  based  upon  two  design  codes 
entitled  SNIP  II— B  6-66  md  RSN  41—72*  A  summary  of  these 
codes  is  presented  in  a  recent  National  Research  Council  of 
Canada  Technical  Translation  (National  Research  Council  of 
Canada  (1976)  )• 

The  intent  of  the  codes  is  not  to  provide  the 
definitive  word  on  pile  design*  but  rather  to  recommend  a 
rational  systematic  framework  in  which  design  can  be  carried 
out*  In  this  way*  the  codes  encourage  the  use  of  supportive 
field  and  laboratory  test  programs*  especially  in  areas  of 
difficult  sub-soil  conditions*  The  codes  are  based  both  upon 
a  very  Impressive  collection  of  field  and  laboratory  data 
and  experience  accumulated  over  the  lest  fifty  years* 

The  thermal  aspect  of  pile  design  is  similar  to  that 
used  in  North  America* 

The  rheological  aspect  of  dee lgn  involves  the 
determination  of  pile  bearing  capacity  and  is  based  both 
upon  adfreeze  and  end-bearing  support*  The  allowable 


adfreeze  bond  strength  is  defined  to  be  the  maximum  adfreeze 
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stress  which  does  not  generate  secondary  creep  at  the 
pile-soli  interface*  In  this  way*  the  pile  time— dependent 
deforsatlons  are  Halted  to  priaary  creep*  This  type  of 
approach  generally  precludes  excessive  creep  sett lenen ts* 
However*  if  structure  settlenent  tolerances  are  critical 
then  the  code  recommends  the  use  of  field  pile  tests  to 
quantify  expected  settlements* 

The  procedure  for  selecting  on  allowable  adfreeze 
strength  is  very  thorough  and  conveys  a  considerable 
understanding  as  to  pile  load  transfer  mechanisms*  Allowable 
adfreeze  bond  strengths  are  presented  in  Table  14(5)*  page 
5-14  in  NRCC  TT- 1 8 65(  1 976  )  and  have  been  included  in  Figure 
5*1  of  this  thesis  for  comparison  with  North  American  data* 
It  should  be  remembered  that  the  values  contain  an  inherent 
factor  of  safety* 

The  procedure  for  selection  of  allowable  end— bearing 
support  is  also  impressive*  Details  of  this  procedure  are 
described  on  pages  5-5  to  5—44  (NkCC»1976)*  Briefly*  the 
end— be  a  ri  n  g  support  i  s  de  t  erm  i  ned  from  the  l  on  g**  term 
comoressive  strength  of  the  material*  This  approach  can  be 
extended  to  account  for  the  case  of  ice  buried  at  some  depth 
below  the  pile  tip*  The  potential  for  steamed  and  frozen-in 
piles  to  heave  during  freeze— back  exists  and  so  the  code 
recommends  that  no  end— bearing  contribution  be  allowed  for 
these  piles*  Further*  end— bearing  is  Ignored  if  the  pile  tip 
is  founded  directly  on  ice* 


Jesign  against  frost-heave  is  based  on  adfreeze 
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strength  considerations  and  is  explained  in  detail  on  pages 

5— 58  to  5—69  (NRCC,1976)*  Briefly,  frost  heave  is  ignored  if 
the  composition  of  the  active  layer  contains  less  than  30  % 
by  weight  of  particles  less  than  0*1  mm*  For  fine-grained 
soils  with  favourable  ground  water  conditions,  the  adfreeze 
strength  in  the  active  layer  is  assumed  to  be  60  to  80  kPa* 
If  ground  water  conditions  are  unfavourable  then  it  is 
recommended  that  the  adfreeze  strength  in  the  active  layer 
be  determined  from  field  tests* 

Much  of  northern  USSR  is  unglaciated  and  large  amounts 
of  sub-surface  ice  are  uncommon*  Consequently,  the  codes  are 
oriented  towards  design  in  ice— poor  frozen  soils*  More 
recently,  however,  increased  development  along  the  Arctic 
coast  where  ground  ice  is  more  extensive  has  stimulated 
Soviet  interest  in  pile  design  in  ice— rich  frozen  soils* 
Vialov  (1973)  and  Eroshenko  and  Fedoseev  (1976)  acknowledge 
this  deficiency  in  the  Soviet  Design  Codes  and  recommend  the 
use  of  pile  load  tests  to  determine  the  bearing  capacity  of 
piles  in  these  soils*  Eroshenko  and  Fedoseev  (1976)  proposed 
modifications  to  the  design  recommendations  in  SNIP  II— B 

6- 66  to  account  for  segregated  Ice  within  the  permafrost* 
However,  no  definitive  statement  has  been  issued,  concerning 
the  predicted  creep  behaviour  of  piles  in  these  soils* 


CHATTER  4 


LABOBATOBT  STUDIES  OP  PILE— LOAD  TBANSFER  MECHANISMS 

All  Ifgj  QbJsctlJts 

Pile  creep  in  frozen  soils  has  been  predicted  using  a 
staple  shear  analytical  model  (Johnston  and  LadanyK  1972  ) 
and  Nixon  and  McBoberts(  1976)  )•  This  analysis  implicitly 
assumes  that  there  is  no  slip  at  the  pile/soil  interface. 
However,  this  assumption  has  never  been  verified.  The 
accuracy  of  these  predictions  is  further  restricted  by  the 
lack  of  good  reliable  constitutive  relationships.  The 
objectives  of  this  study  were  as  follows 

1.  To  elucidate  the  load  transfer  mechanisms  between  a  pile 
and  various  frozen  soils  and  in  particular  to  determine 
the  creep  characteristics  of  the  adfreeze  bond. 

2.  To  study  the  influence  of  frozen  bulk  density  on  the 
creep  of  frozen  soil. 

3.  To  determine  the  influence  of  pile  roughness  on  the 
creep  characteristics  of  the  adfreeze  bond. 

4.  To  evaluate  the  effect  of  stress  history  on  the  creep  of 
frozen  soils. 

5.  To  determine  the  influence  on  load  transfer  mechanisms, 
of  varying  normal  loads  on  the  lateral  surface  of  the 
pile. 

The  above  issues  were  explored  using  a  simple  shear 
appara  tus • 
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4.»,2  XtJL+  Mattrlali 

The  issues  Investigated  in  this  6 tudy  were  not  unique 
to  any  oie  particular  soil  type  but  were  applic  ble  to  all 
fora*  of  frozen  soil*  In  this  regard,  three  classes  of 
frozen  soils  were  selected  as  representative  of  the  majority 
of  soil  types  encountered  in  permafrost  areas*  These 
materials  aere  frozen  concrete  sandy  frozen  Devon  6ilt  and 
polycrystalline  ice* 

The  grain— size  curves  for  the  concrete  sand  and  Devon 
silt  are  presented  in  Figures  4*1  and  4*2*  The  specific 
gravity  of  the  Devon  silt  was  2*75  and  the  plastic  and 
liquid  limits  were  21  %  and  46  respectively^ 

The  maximum  and  minimum  dry  densities  of  the  concrete 
sand  were  determined  to  be  1*44  and  1*92  Mg/m3, 
respectively • 


±a.2.  P?gcr,latiflj  Hub.  Apparatus 

Three  identical  sets  of  apparatus  were  constructed  to 
permit  simultaneous  testing  of  the  three  different  frozen 
materials*  Each  set  consisted  of  a  loading  frame,  five 
linear  voltage  displacement  transducers  (LVDTs),  one 
thermistor,  and  two  aluminum  plates,  20*3  cm  by  7*6  cm* 

A  frozen  soil  sample  (  20*3  cm  by  7*6  cm  by  10  cm  high) 

was  sandwiched  between  each  pair  of  plates*  The  lower  plate 
was  held  in  an  encastre  position  and  the  upper  plate  was 
subjected  to  both  constant  horizontal  shear  and  vertical 


CUMULATIVE  PERCENT  CUMULATIVE  PERCENT 
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GRAIN  SIZE  IN  MILLIMETERS 


GRAVEL 


SAND 


SILT 


CLAY 


Figure  4.1  Grain  Size  Distribution  Diagram  for  Concrete  Sand 
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Figure  4.2  Grain  Size  Distribution  Diagram  for  Devon  Silt 
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noraal  loadings*  Horizontal  creep  dlsplaceaents  of  the  upper 
plate  and  the  frozen  soil  at  intermediate  points  between  the 
plates  were  aonitored  in  the  direction  of  applied  shear* 
Vertical  creep  displacements  of  the  upper  plate  were 
monitored  in  the  direction  of  normal  loading*  Hewlett 
Packard  24  DCDT  LVDTs  monitored  deformations  to  an  accuracy 
exceeding  0*0001  cm* 

Normal  loads  were  applied  vie  a  direct  hanging  system 
to  which  weights  were  added*  Shear  loads  were  applied  via  an 
adjustable  pulley  system  to  which  weights  were  added* 
Photographs  of  the  apparatus  are  presented  in  Figures  4*3 
and  4*4* 

The  three  creep  cells  were  located  inside  a  controlled 
environment  laboratory  where  ambient  temperatures  were 
maintained  between  -2  °C  and  —3  °C*  Sample  temperature 
fluctuations  were  further  reduced  by  enclosing  the  apparatus 
in  a  large  insulated  box  and  circulating  ethylene  glycol 
from  a  constant-temperature  bath  through  pipes  in  the 
plates*  This  technique  reduced  shert-term  temperature 
fluctuations  to  ±0*5  °C*  Sample  temperatures  were  monitored 
directly  by  freezing  a  thermistor  into  a  pre— drilled  hole  at 
the  centre  of  each  sample*  The  thermistors  were  calibrated 
at  the  outset  and  on  completion  of  the  test  program  to  an 
accuracy  of  ±0*01  °C,  using  a  ±0*001  °C  quartz  thermometer* 

Output  signals  from  the  LVDTs  and  thermistors  were 
monitored  and  recorded  at  6  hour  intervals  using  a  data 


acquisition  system*  Information  obtained  included  a  record 
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Figure  4.3  Simple  Shear  Apparatus 


Figure  4.4  Simple  Shear  Apparatus 
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of  vertical,  and  horizontal  deformations  end  temperature*  A 
schematic  layout  of  the  apparatus  is  presented  in  Figure 
4.5. 

Preliminary  tests  indicated  that  the  horizontal  shear 
strain  was  approximately  constant  throughout  the  sample. 
Thus*  in  the  test  program*  horizontal  soil  displacements 
were  monitored  5  am  below  the  upper  plate  and  5  mm  above  the 
lower  plate.  In  the  ensuing  analysis  it  was  assumed  that  the 
shear  strain  rate  was  constant  between  these  points. 

An  integral  part  of  this  study  was  the  investigation  of 
the  influence  of  plate  roughness  on  the  crtep 

characteristics  of  the  adfreeze  bond.  In  this  regard,  three 
plates  of  different  roughnesses  were  tested.  Roughness  is 
conveniently  quantified  using  centre-line  averages.  The 
centre  line  average  ( CLA  )  is  defined  as  the  average  distance 
from  peaks  to  valleys  on  the  material  surface.  CLA  values 
for  the  three  plates  were  2.5yu.m,  125.0yU.ni  and  5.0  mm.  The 

roughness  of  the  lower  plate  was  5.0  mm  for  all  the  tests. 

It.  4  Mftlgrlfll  P reparation 

4-t^.t.l  Pol  verve  tailing  Igg 

It  was  desirable  to  test  fine-grained  (grain  size*  1  to 
2  mm)*  homogeneous*  isotropic*  air-free*  polycrystalline  ice 
(Glen  (1955)  ). 

Hoar-frost  was  collected  from  the  pipes  of  a  cold 
chamber  and  sieved  in  the  ice  laboratory.  Ice  crystals 
passing  a  number  8  sieve*  but  retained  by  a  number  16  sieve 


To  Data  Acquisition 


53 


o 

3 


CO  <D 
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to  Test  Frame  Direct  Loading 

Figure  4.5 

Schematic  Layout  of  Simple  Shear  Experiments. 
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were  loosely  placed  In  a  prechilled  C -5  °C  )  P#V.C.  mould 
having  a  diameter  of  25  cm  and  a  height  of  30  cm •  Air-free, 
double  distilled  water  prechilled  to  0  °C,  was  then 
Introduced  into  the  mould  via  the  bottom  aluminum  plate 
under  a  vacuum  of  b2  cm  of  mercury#  Upon  completion  of 
saturation  the  vacuum  was  released  and  the  top  plate  was 
removed#  The  sample  was  frozen  unidirectlonally  by  placing 
the  bottom  plate  on  dry  ice  and  surrounding  the  P#V#C#  walls 
of  the  mould  with  zonolite  insulation# 

Steelmens  prepared  in  this  way  were  slightly  cloudy, 
probably  because  of  air  bubbles  within  the  original  ice 
crystals,  however  their  densities  were  similar  to  that  of 
clear  ice# 

Thin  sections  were  prepared  from  the  ice  specimen  (Glen 
(1955)  )  and  viewed  between  crossed  polaroids#  It  was 

observed  that  the  peripheral  5  cm  of  the  sample  consisted  of 

w 

preferentially  oriented  crystals#  However,  the  crystals  in 
the  remainder  of  the  sample  were  randomly  oriented,  uniform 
and  typically  2  mm  in  size# 

.4 fix 2  Erszsii  Sand 

Prechilled  (-5  °C  )  concrete  sand  was  placed  loosely 
inside  a  prechilled  (—5  °C )  cylindrical  P#V#C#  mould  having 
a  diameter  of  15  cm  and  a  height  of  22#5  cm#  Air-free  double 
distilled  water  prechilled  to  0  °C  was  then  introduced  into 
the  mould  via  the  bottom  plate  under  a  vacuum  of  60  cm  of 
mererry#  Upon  completion  of  saturation,  the  vacuum  was 
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released  and  the  top  plate  was  removed*  To  ensure  sample 
uniformity  the  mould  was  subjected  to  a  nominal  vibration* 
The  sample  was  then  frozen  unidi rec tionally  by  placing  the 
bottom  aluminum  plate  on  dry  ice  and  surrounding  the  walls 
of  the  P*V*C*  mould  with  zonolite  insulation* 

Specimens  prepared  In  this  way  possessed  uniform 
moisture  contents  of  approximately  17  frozen  bulk 
densities  of  approximately  2*05  Mg/m3  and  degrees  of 
saturation  of  approximately  98  %• 

4a.4x:3  Er-flzan  Sl.lt 

Frozen  Devon  silt  specimens  were  prepared  at  three 
different  moisture  contents  and  are  referred  to  as  Silt  1, 
Silt  2  and  Silt  3. 

4t  1  Exfifiaraiion  al  5111  1 

> 

Devon  silt  was  mixed  with  distilled  water  to  produce  a 
slurry  of  moisture  content  approximately  70  %•  The  slurry 
was  placed  in  a  vacuum  flask  and  a  vacuum  of  60  cm  of 
mercury  was  applied  while  the  flask  was  simultaneously 
vibrated  on  a  vibrating  table*  This  procedure  was  continued 
until  the  sample  was  de- aired* 

The  slurry  was  then  poured  into  a  cylindrical  P*V*C* 
mould  having  a  diameter  of  15*0  cm  and  a  height  of  40*0  cm* 
The  b  ttom  aluminum  plate  of  the  mould  incorporated  a 
drainage  outlet*  over  which  was  placed  a  porous  stone  and 
two  filter  papers*  Two  additional  filter  papers  and  one 
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additional  porous  stone  were  carefully  placed  on  top  of  the 
slurry#  Uniaxial  loading  was  applied  to  the  eanplei  taking 


car 


e  not  to  cause  extrusion  of  the  slurry  around  the  upper 


porous  stone*  Loads  were  applied  i ncrementally ,  up  to  a 
maximum  consolidation  pressure  of  225  kPa  and  the  sample  was 
consolidated  under  two-way  drainage  conditions* 

Upon  completion  of  primary  consolidation,  the  sample 
was  unloaded  and  allowed  to  attain  stress  equilibrium  under 
atmospheric  conditions*  The  sample  was  then  transferred  to  a 
controlled  temperature  environment  and  allowed  to 
equilibrate  to  a  temperature  of  +1  °C;  thereafter,  the 
sample  was  frozen  unidir ect ionally  by  placing  the  bottom 
aluminum  plate  of  the  mould  on  dry  ice  and  surrounding  the 
walls  of  the  P*V*C*  pipe  with  zonolite  insulation*  Samples 
prepared  in  this  way  were  completely  frozen  within  24  hours 
and  produced  a  uniform  silt  having  a  frozen  bulk  density  of 
1*9  ±0*05  Mg/m3*  Hairline  ice  lenses  were  observed 
throughout  the  samples* 


!■« -4.t 3jl2  Preparation  jai  Sill  2 

A  de— aired  slurry  having  a  moisture  content  of  70  %  was 
prepared  in  the  same  way  as  described  for  Silt  1*  The  slurry 
was  then  prechilled  to  +1*0  °C  and  then  poured  into  a 
prechilled  (+1*0  °C)  P*V*C*  mould*  The  slurry  was  then 
frozen  uni ci rec t 1 onally  by  placing  the  lowei  aluminum  plate 


of 


the  mould  on  top  of  dry  ice  and  surrounding  the  walls  of 


the  P • V*  C •  pipe  with  zonolite  insulation* 


. 
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Samples  prepared  in  this  way  were  frozen  within  24 
hours  and  produced  a  uni f crn  frozen  silt  having  a  frozen 
bulk  density  of  1*5  ±0*1  Mg/m3*  Hairline  ice  lenses  were 
observed  throughout  the  samples* 


4-t.4t3t2  Preparation  sil  Silt  2 

Prechilled  (—5  °C  )  Devon  silt  was  mixed  with  ice 
crystals  and  prepared  in  the  same  way  as  described  for 
polycrystalline  ice* 

Samples  prepared  in  this  way  consisted  of  a  silty  ice 
having  a  bulk  density  of  0*95  Mg/m3* 


The  preparation  was  identical  for  all  frozen  soil 
samples* 

The  cylindrical  specimen  was  removed  from  the  P*V*C* 
mould  and  trimmed  in  the  ice  laboratory  on  a  milling 
machine*  The  finished  sample  was  20*3  cm  long  by  7*6  cm  wide 
by  10*0  cm  high*  The  two  aluminum  test  plates  were  cleaned 
and  thoroughly  rinsed  in  distilled  water*  and  frozen  to  the 
top  and  bottom  of  the  specimen*  A  thin  coating  of  water 
droplets  was  sprayed  onto  the  four  exposed  faces  of  the 
sample*  and  a  moist  sheet  of  Saran  Wrap  was  wrapped  around 
the  entire  sample  to  effect  an  air-tight  seal  to  reduce 
desiccation  of  the  sample  during  testing* 
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The  shafts  of  two  2*54  cm  Tong  flat— head  nails  were 
frozen  into  two  predrilled  horizontal  holes*  The  nails  were 
located  5  mm  above  the  bottom  plate*  They  provided  a  stable 
monitoring  datum*  against  which  the  two  LVDTs  were  to  be 
placed*  The  exact  position  of  the  two  nails  and  the  upper 
plate  with  respect  to  the  lower  plate  were  recorded* 

A  thermistor  was  frozen  into  a  predrilled  2*5  mm 
diameter  hole  which  extended  to  the  centre  of  the  sample* 

The  sample  was  then  assembled  within  the  loading  frame 
and  placed  within  the  insulated  test  housing  unit*  Hoses 
from  the  constant  temperature  bath  were  cornected  to 
swagelock  fittings  on  the  two  plates  and  ethylene  glycol  was 
circulated  through  the  pipes  in  the  plates*  Two  LVDTs  were 
positioned  vertically*  at  either  end  of  the  top  plate  and 
three  LVDTs  were  positioned  horizontally*  against  the  two 
nails  and  the  upper  plate*  The  "shear  loading"  pulley  was 
adjusted  to  impart  horizontal  shear  loading  to  the  top  plate 
and  the  normal  loading  hanger  was  assembled  around  the 
sample • 

The  three  apparatuses  were  positioned  beside  one 
another  within  the  insulated  housing  unit  and  allowed  to 
stand  for  either  48  hours  or  until  thermal  equilibrium  was 
attained  within  the  samples* 

Normal  loading  and  then  shear  loading  were  applied 


i nstantaneously* 
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4-i 6  Analysis  slL  Etaul-ta 

4i6«  1  Slraaa  Ela.lrlbtttiPP  Within  a  Simple  Shear 
Apparatus 

The  non-uniform  stress  conditions  which  develop  within 
simple  shear  test  specimens  complicated  Interpretation  of 
the  test  results*  Both  the  linear  stress  analysis  performed 
by  Roscoe  (1953)  and  the  non-linear  finite  element  analysis* 
described  by  Duncan  and  Dunlop  (1969)  show  that  the  stress 
nonformitles  in  simple  shear  are  most  severe  near  the  ends 
of  the  speclaen* 

Simple  shear  differs  from  pure  shear  by  the  absence  of 
co  apl 1 men t  ary  shear  stresses  at  the  ends  of  the  sample •  The 
magnitudes  of  shear  stresses  on  planes  parallel  to  the  ends 
increase  toward  the  centre,  however,  and  stresses  in  the 
centre  of  the  specimen  correspond  closely  to  pure  shear 

(Duncan  and  Dunlop  (1969)  )•  For  the  purpose  of  this  study, 

# 

It  suffices  to  approximate  non-uniform  simple  shear  stress 
conditions  by  uniform  pure  shear  stress  conditions  hence 
simplifying  interpretation  of  the  results* 

The  average  values  of  shear  and  normal  stress  on  any 
horizontal  plane  may  be  calculated  from  equilibrium 
considerations*  It  is  convenient  to  analyse  shear  and  normal 
loading  separately  and  then  superimpose  the  results  to  yield 
the  stress  distribution  for  the  combined  loading 
configuration*  In  this  testing  program,  the  boundary 
condition  along  the  lower  plate  is  one  of  zero  displacement 
and,  as  such,  the  lower  face  of  the  specimen  is  considered 
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encastre.  This  Is  shown  in  Figure  4*6. 

Normal  loading  produces  a  constant  uniform  vertical 
stress  distribution  throughout  the  height  of  the  sample 
(Figure  4*7)*  Uniform  horizontal  shear  loading  on  the  upper 
plate  yields  a  constant  shear  stress  oistribution  with  depth 
and  a  bending  moment  about  the  horizontal  that  increases 
uniformly  with  increasing  distance  from  the  top  plate*  The 
bending  moment  on  any  horizontal  plane  is  conveniently 
represented  by  a  triangular  normal  stress  distribution  on 
that  plane*  The  normal  stress  varies  from  0  at  the  top  plate 
to  — 6Th/l2  at  the  left  hand  corner  of  the  lower  plate  and 
6Th/l2  at  the  right  hand  corner  of  the  bottom  plate  (Figure 
4*8)*  The  variation  of  normal  stress,  Cfy  *  in  the 
y-dlrection,  is  described  by  the  relation 

ffy  =  E.  . 4 

7  e/\  * 

The  shear  stress,  , in  the  x— direction  is  independent 

of  co-ordinates*  Thus, 


The  creep  behaviour  of  ice  is  markedly  different  under 
tensile  and  compressive  loading  (Voitkovskii  (1960)  )• 

Therefore,  it  is  desirable  to  eliminate  tensile  forces  in 
the  y-dlrectlon.  This  condition  Is  satisfied  if 
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Figure  4.6 

Superposition  of  Normal  and  Shear  Loading  in  Simple  Shear 
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Figure  4.7 

Stresses  Arising  from  Normal  Loading 
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Figure  4.8 

Stresses  Arising  from  Shear  Loading 
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4.3 


In  this  studyt  h/ I  =  0.5  and  Equation  4*3  reduces  to 


P  >/  3T 


4.4 


1  fr.ea.gqlflligfl  aJL  Results 
Displacement  and  temperature  data 
computer  at  six— hour  intervals  and  data 
plotting  were  executed  with  the  aid  o 1 
Chronological  plots  were  presented 
applied  normal  and  shear  stresses,  hori 
horizontal  shear  strain  rate,  vertical 
vertical  normal  strain  rate. 

Horizontal  shear  strains  relative 
were  computed  for  both  the  upper  nail  a 
The  vertical  normal  strain  was  defined 
vertical  displacement  of  the  upper  plat 
distance  between  the  upper  and  lower  pi 
rates  of  the  upper  nail  and  normal  stra 
plate  were  computed  using  a  five— point 
procedure.  This  technique  smoothed  the 
thus  rendering  the  curves  more  amenable 

4.6.3  Plflcuafilan  sl!  Btaulta 
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The  test  program  comprised  of  seven  series  of  tests. 
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Each  series  consisted  of  isothermal,  isochronal  creep  tests 
on  three  artificially  frozen  soils* 

The  intent  of  test  series  1  was  •to  study  the  influence 
of  varying  shear  stresses  on  the  observed  shear  strain  rate 
for  frozen  sandy  silt  2  and  polycrystalline  ice* 

The  intent  of  test  series  2  was  to  study  the  influence 


of  normal  stress  on 

the 

observed  shear 

strain 

rate 

for 

frozen  sandy  silt  2 

and 

polycrystalline 

ice  • 

The  objectives 

of 

test  series  3,  4 

and  5 

we  re 

to  study 

the  influence  of  fro 

ze  n 

bulk  density  on 

the  observed  creep 

behaviour  of  frozen  silt* 

Finally,  the  Intent  of  test  series  6  and  7  was  to 
evaluate  the  effect  of  plate  roughness  on  the  observed  creep 
of  the  adfreeze  bond  for  frozen  sandy  silt  1  and 
polycrystalline  Ice* 

The  results  are  shown  in  graphic  form  in  Figures  B* 1  to 
B*27*  A  summary  of  the  data  is  presented  in  Table  4*1* 

The  data  are  conveniently  examined  under  the  following 
su  b—  sections* 

4. 6. 3.1  Influence  <i£  Pi  a  If*  R<?Ughn?SS  £H  .the  LQSd 
Mechanise 

Inspection  of  Figures  B* 1  to  B*5  demonstrates  that  for 
shear  stresses  less  than  25*0  kPa  there  is  no  slipping 
between  the  very  rough  aluminum  plates  ( CLA  =  5  mm)  and  the 
frozen  soil  specimens*  Adfreeze  bond  failure,  under 
suppressed  dilatancy  conditions,  is  characterised  by 
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Test 

Soil 

Frozen  Bulk 

Average 

Upper  Plate 

Shear 

Shear 

Normal 

Normal 

Series 

Type 

Density 

Temperature 

Roughness 

Stress 

Strain  Rate 

Stress 

Strain  Rate 

(Mg/m3) 

(°C) 

(mm) 

(kPa) 

(Yr-1) 

(kPa) 

(Yr-1) 

1 

Ice 

0.901 

-0.92 

5 

17.8 

0.0162 

57.0 

<0.0157 

25.0 

0.0317 

0.0131 

17.8 

0.0166 

0.0187 

Silt2 

1.59 

-0.89 

5 

17.8 

0.0030 

57.0 

<0.0003 

25.0 

*0.0033 

0 

17.8 

0 

0 

Sand 

2.03 

-0.92 

5 

17.8 

0.0053 

57.0 

0.0073 

25.0 

<0.036 

<0.0131 

17.8 

0 

0.0012 

2 

Ice 

0.900 

-0.78 

5 

17.8 

0.0126 

57.0 

0.026 

0.0136 

75.0 

<0.076 

0.0127 

100.0 

0.123 

Silt2 

1.54 

-0.80 

5 

17.8 

<0.0017 

57.0 

0.0027 

0 

75.0 

<0.0092 

0 

100.0 

<0.0020 

Sand 

2.05 

-0.80 

5 

17.8 

0.0095 

57.0 

0.011 

0.0084 

75.0 

<0.058 

0 . 8061 

100.0 

<0.095 

3 

Siltl 

1.76 

-0.92 

5 

17.8 

<0.0011 

57.0 

<0.0068 

Silt2 

1.42 

-0.85 

5 

17.8 

<0.0008 

57.0 

<0.002 

Sil-3 

0.96 

-0.92 

5 

17.8 

<0.0179 

57.0 

<0.012 

4 

Silt2 

1.42 

-0.83 

5 

17.8 

<0.0023 

57.0 

0.0018 

Silt3 

0.96 

-0.92 

5 

17.8 

<0.021 

57.0 

<0.017 

5 

Siltl 

1.85 

-0.94 

5 

17.8 

<0.0081 

57.0 

<0.014 

Silt2 

1.42 

-0.86 

5 

17.8 

0.0012 

57.0 

0.0022 

Sllt3 

0.96 

-0.93 

5 

17.8 

0.019 

57.0 

0.014 

6 

Ice 

0.89 

-0.78 

0.0025 

6.0 

failed 

57.0 

0.048 

Siltl 

1.89 

-0.79 

0.0025 

17.8 

0.021 

57.0 

0.024 

Sand 

2.05 

-0.85 

0.0025 

17.8 

0.03 

57.0 

<0.042 

7 

Ice 

0.89 

-0.80 

0.C125 

9.7 

0.0066 

57.0 

0.017 

13.5 

<0.066 

uns  teady 

17.8 

<0.046 

0.016 

21.3 

0.033 

0.016 

Siltl 

1.89 

-0.81 

0.0025 

17.8 

<0.012 

57.0 

<0.018 

21.3 

0.022 

<0.014 

Sand 

2.05 

-0.83 

0.0025 

17.8 

<0.0091 

57.0 

<0.011 

Table  4.1 


Summary  of  Laboratory  Test  Data 
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shearing  along  frozen  soil-frozen  soil  interfaces*  Thus,  the 
adfreeze  bond  strength  is  expected  to  be  cosparable  to  the 
shear  strength  of  the  frozen  soil* 

The  load  transfer  mechanisms  for  smooth  ( CLA  less  than 
2*5/M*i)  plates  are  complex*  It  has  been  hypothesised  that  a 
continuous  liquid— like  layer  exists  on  the  surface  or 
internal  boundaries  of  ice  (Barnes  e t  al.  ( 1971  )  )•  The 

theoretical  work  of  Fletcher  (1968)  indicates  that  for 
temperatures  above  —5  °C,  clear  ice  crystals  may  be  covered 
by  a  quasi— liquid  film  whose  thickness  is  of  the  order  of  1 
to  4  nm*  The  thickness  of  this  film  increases  as  the 
temperature  approaches  0  °C* 

The  significance  of  this  quasi— liquid  film  on  the 
adhes  Ive  properties  of  ice  has  been  addressed  by  Jellir.ek 
(1959)  •  He  observed  that  the  adhesive  bonds  of  ice  to 
polished  stainless  steel  plates  were  much  greater  in  tension 
than  in  shear,  and  this,  he  argued,  could  be  attributed  to  a 
quasi-liquid  film  at  the  plate— ice  interface*  Jellinek 
assumed  the  liquid— like  layer  to  be  a  Newtonian  liquid  of 
viscosity,  Cj  ,  and  proposed  the  following  relationship 
between  the  velocity  of  the  top  plate,  ,  the  shear 

stress,  T^,  at  any  time,  t,  and  the  thickness  of  the  viscous 
film,  L 


4.5 
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The  param«t«  rs»  ^  and  L  are  not  known  experiaentally* 
However,  Jellinek  determined  an  upper  bound  for  L  to  be  20 
nm  at  -5  °C. 

In  this  study*  the  asperities  on  the  smoothest  plates 
were  measured  to  be  2*5  yU  «•  Therefore*  a  single  asperity  was 
at  least  ten  orders  of  magnitude  larger  than  the  thickness 
of  the  proposed  quasi-liquid  film*  Therefore,  if  the 
Interface  were  completely  air-free*  the  viscous  film  would 
follow  the  contours  of  the  asperities  and,  under  conditions 
of  suppressed  dilatancy,  shear  failure  would  be  forced 
through  the  inter-as pe ri tal  ice  (see  Figure  4*9a)*  However, 
inspection  of  Figure  B*20  reveals  that  the  adfreeze  bond 
between  ice  and  a  plate  of  roughness  2«5yUm  failed  at  a 
stress  of  6*0  kPa*  This  is  inconsistent  with  the  above 
model*  Clearly*  the  shear  plane  is  not  being  forced  through 
inter— asperi tal  pore  ice*  This  suggests  that  the  asperital 
pores  are  either  filled  with  air  or  supercooled  water* 
Thermodynamic  considerations  cannot  account  for  the 
existence  of  such  a  large  body  of  supercooled  water  at  —1 
°C*  Moreover,  it  is  highly  probable  that  during  sample 
preparation,  air  voids  were  trapped  in  the  pores  of  the 
plate  surface*  Therefore,  it  is  reasonable  to  assume  that 
the  area  of  ice  through  which  shearing  occurred  was  only  a 
small  fraction  of  the  total  shear  plane  area  (Figure  4«9b)* 

Similar  tests  were  conducted  on  ^rozen  silt  and  frozen 
sand*  The  results  (Figures  B*21  and  B* 22  )  indicate  that  the 
adhesive  shear  strengths  (  greater  than  17*8  kx’a)  exceed 
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b)  AIR  VOIDS  AT  PLATE-ICE  INTERFACE 

Figure  4.9 

Shea '  Failure  Mechanisms  Between  a  Smooth  Plate  (CLA  =  2.5  jum) 
and  Ice 
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that  of  ice*  This  «ay  be  explained  using  an  extension  of  the 
model  proposed  for  ice*  The  proposed  failure  mechanism  for 
frozen  soils  is  shown  in  Figure  4*10*  The  air  voids  still 
occupy  the  inter-asperital  pores*  However,  the  soil 
particles  create  an  additional  frictional  resistance  along 
the  shear  plane,  thereby  effecting  a  higher  shear  strength* 
This  model  is  only  applicable  if  the  freezing  front 
progresses  from  the  soil  to  the  plate  during  preparation*  If 
the  freezing  front  advances  in  the  opposite  direction,  then 
a  thin  layer  of  ice  may  form  at  the  plate— soil  interface, 
and  the  failure  mechanisms  would  be  characteristic  of  ice 
(Figure  4*9b)*  Inspection  of  the  plate— soil  interfaces  on 
completion  of  the  tests,  revealed  that  the  freezing  front 
had  progressed  from  the  soil  during  sample  preparation* 

In  summary,  the  adhesive  shear  failure  mechanism  has 
been  determined  to  be  a  function  cf  the  ice  content  at  the 
interface  and  the  local  geometry  of  the  asperties  on  the 
interface*  It  may  be  expected  that  a  critical  plate 
roughness  exists,  above  which,  ice  will  fill  the  pores  and 
so  effect  an  increased  adhesive  shear  strength*  In  this 
light,  the  adfreeze  strength  of  ice  to  a  plate  of 
roughness  125yU,ra,  was  determined  to  be  an  excess  of  21*3  kPa 
(Figure  B*24)  and  is  consistent  with  the  above  model* 

It  is  emphasised  that  the  proposed  model  is  an 
oversimplification  of  the  adhesion  problem*  However,  it  does 
provide  a  clear  and  rational  explanation  for  the  phenomena 


observed  in  this  study* 
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SUPERCOOLED 

WATER 


Figure  4.10 

Shear  Failure  Mechanism  Between  a  Smooth  Plate  (CLA  =  2*5  jum) 
and  Frozen  Soil 


2.5/a 
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6»  3*  2  Ifllllignsa  <2l  Stress  HI  Story  on  the  Creep  of  Frozen 

Soils 

Inspection  of  Figures  B.  1  to  B.3  demonstrates  that  the 
creep  characteristics  of  frozen  sand  and  frozen  silt  are  a 
function  of  loading  history.  Upon  cycling  the  applied  shear 
stress  from  17.8  kPa  to  25.0  kPa  to  17.8  kPa*  creep  in  both 
soil  types  were  arrested.  This  implies  that  secondary  creep 
is  either  very  small  or  does  not  exist  for  these  materials 
under  the  imposed  test  conditions. 

An  analogous  test  revealed  that  the  creep  rate  of  ice 
was  unaffected  by  this  loading  cycle.  This  is  consistent 
with  the  belief  that  long-term  deformations  in  ice  are 
better  characterised  by  secondary  creep. 

influence  q_L  Axial  Stress  an  t he  Shear  CrsgR  al 

frozen  Sail 

Inspection  of  Figures  B. 5  and  B.6  reveals  that 
horizontal  shear  strain  rates  for  ice  and  frozen  silt  are 
unaffected  by  changes  in  applied  axial  stress.  This  supports 
the  view  that  ice  and  frozen  fine-grained  soils  behave  in  a 
frictionless  manner  under  low  stresses. 

In  contrast  to  this*  the  horizontal  shear  creep  data 
for  frozen  sand  (Figure  B.7  )  suggest  that  ice— poor  frozen 
sand  behaves  in  a  frictional  manner  under  low  stresses. 
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£*6*3 1  4  Xnil-Uglli^-  Sl£  Frozen  Bulk  Penal  tv  e_n  the  Creep  ±l£ 
Frozen  Soils 

Figure  B.l  presents  creep  data  for  Ice  over  a  period  of 
48  days.  Inspection  of  these  data  indicate  that  steady— state 
creep  conditions  were  reached  after  5  days  and  continued 
throughout  the  test.  Similar  observations  were  noted  in 
other  creep  tests  on  ice  (Figures  B.5  and  B.24).  Therefore, 
in  this  study  the  creep  data  of  ice  was  analysed  in  terms  of 
secondary  creep. 

The  ice  data  is  presented  in  terms  of  effective  shear 
stress  and  effective  shear  strain  rate  (Odqvlst  (1966)  )  and 

is  compared  to  the  flow  law  for  ice  in  Figure  4.11.  The 
effective  shear  stress,  Og,  t  and  the  effective  shear  strain 
rate,  0.^  ,  reduce  to 


4.  6 


4.7 


where  Tl^and  (7^  are  the  applied  horizontal  shear  and 
vertical  axial  stresses,  respectively,  and  and 


are  the 


measured  horizontal  shear  and  vertical  axial  strain  rates, 
respectively. 

The  agreement  between  these  data  and  the  flow  law  for 
polycrystalline  ice  is  good. 


The  creep  behaviour  of  frozen  sand  is  depicted  in 
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Figure  4.1 1 

Summary  of  Creep  Data  for  Ice  and  Silt  3 
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Figures  B*3,  B*7*  B*22  and  B*26*  The  results  are  consistent 
with  the  current  philosophy  that  ice-poor  sand  is 
characterised  by  damped  frictional  creep*  Comparison  of 
Figures  B*1  and  B*3  reveal  that  frozen  sand  creeps  faster 
than  ice  in  the  initial  stage  of  primary  creep*  This 
observation  was  also  noted  in  Figures  B*5,  B*7,  B*20,  B.22, 
B*24  and  B*26  and  is  consistent  with  Tsytovlch' s  philosophy 
of  damped  creep  (Tsytovlch  (1975)  ) 

"In  the  case  of  decaying  creep  of  frozen  soilst 
closure  of  microscopic  cracks,  size  reduction  of 
open  cavities,  and  irreversible  shears  of  particles 
relative  to  one  another  predominate*" 

Moreover,  it  can  also  be  argued  that  in  the  Initial  period 
of  damped  creep,  the  load  is  supported  to  a  large  extent  by 
the  pore  ice,  thereby  giving  rise  to  higher  creep  rates  than 
observed  in  polycrystalline  ice*  This  high  mobility  of  the 
pore  ice  is  associated  with  re-orientation  of  the  sand 
grains,  resulting  in  a  gradual  stiffening  of  the  sand 
matrix*  In  this  way,  the  load  is  gradually  transferred  to 
the  soil  matrix,  thereby  strengthening  the  frozen  soil* 

The  creep  behaviour  of  frozen  silt  is  strongly 
dependent  upon  the  frozen  bulk  density  (Figures  B*13  to 
B* 19 )•  Inspection  of  Figures  B*ll,  B*12,  B*14,  B*15  and  B*19 
reveals  that  the  long-term  creep  of  Silt  3  (bulk  density  = 
0*96  i  g/m3  )  is  characterised  by  steady  state  creeo*  The 
secondary  creep  rates  are  comparable  to  those  of  ice  (Figure 
4*11)*  However,  on  increasing  the  frozen  bulk  density  to 
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1*42  —  1 • 59  Mg/m3  a  considerable  change  in  creep  behaviour 
was  observed  (Figures  B . 2 ,  B*4,  B  •  6  ,  B*8,  B*10,  B.12,  b*13, 
B*15,  B*17  and  B*19)*  Secondary  creep  rates  were 
considerably  decreased  (Table  4.1 )•  This  phenomenon  is 
attributed  to  dispersion  hardening  of  the  ice  matrix  (Hooke 
g  t  al.  (  1972  )  ). 

The  creep  of  Silt  1  (bulk  density  =  1*76  to  1*89  Mg/m3) 
is  further  complicated  by  an  intei — connecting  network  of 
unfrozen  water  around  the  frozen  soil  particles*  Inspection 
of  Figures  B  •  9 ,  B  •  1 2  ,  B« 16y  B • 1 9 f  B*21f  B  •  23  ,  B • 2 5  and  B*27 
reveals  that  creep  in  Silt  1  is  more  pronounced  than  similar 
tests  on  ice,  and  is  dominated  by  transient  processes  even 
after  33  days  of  constant  loading*  This  is  attributed  to 
tl me— dependent  consolidation* 

1  Suraary 

The  simple  shear  test  has  proven  to  be  a  versatile 
apparatus  for  determining  the  creep  characteristics  of 
frozen  soil*  The  following  conclusions  are  Inferred  from 
this  study 

1*  The  adfreeze  strength  is  conveniently  determined  using 
the  simple  shear  apparatus  described  in  this  chapter* 

2*  The  integrity  of  the  adfreeze  bond  is  maintained  and 
slip  does  not  occur  if  the  stress  applied  at  the 
interface  is  less  than  the  adfreeze  bond  strength* 

The  adfreeze  bond  strength  has  been  determined  to  be  a 
fu. etlon  of  the  plate  roughness  and  the  nature  of  the 


3. 
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ice  at  the  interface*  A  frozen  soil— plate  model  has  been 
proposed  to  describe  the  load  transfer  characteristics 
of  very  smooth  plates  (  CLA  less  than  2*5yU.m)*  In 
practice  piles  are  never  this  smooth  and  it  is  doubtful 
that  the  model  has  any  practical  contribution  to  piling* 
However,  it  is  of  interest  to  physicists  and 
aeronautical  engineers* 

4*  The  short-term  (0  to  45  days)  deformation  behaviour  of 
polycrystalline  ice  in  the  low  stress  range  (50  to  100 
kPa  )  at  —1  °C  is  characterised  by  a  brief  period  ( 0  to  5 
days)  of  primary  creep  and  a  prolonged  period  of 
apparent  secondary  creep  (5  to  45  days  )•  The  observed 
creep  rates  are  consistent  with  other  published  creep 
data  for  ice  (Morgenstern  e t  a  1  (  1979))* 

5*  The  short-term  deformation  behavior  of  ice-poor  frozen 
sand  in  the  low  stress  range  at  -1  °C  is  characterised 
by  damped  creep* 

6*  There  is  no  evidence  in  this  study  to  suggest  that  in 
the  low  stress  range  secondary  creep  exists  for  frozen 
silts  at  -1  °C*  However,  creep  is  enhanced  by 
consolidation  processes  at  frozen  bulk  densities  greater 
than  1*76  Mg/m3* 


CHAPTER  5 


PILE  DESIGN 

5i.l  Introduction 

The  design  of  a  pile  foundation  requires  that  both 
carrying  capacity  and  settlement  be  checked*  Carrying 
capacity  is  assessed  by  consideration  of  adfreeze  strengths* 
A  settlement  based  design  must  ensure  that  pile  creep 
displacements  throughout  the  life  of  the  structure  are 
tolerable* 


5jl2  .Bearing  Cange i.ty  Poalan 

Failure  of  a  pile  in  frozen  soil  is  associated  with 
rupture  of  the  adfreeze  bond  and  tertiary  creep  of  the  soil 
beneath  the  pile  tip*  The  strength  properties  of  frozen 
soils  are  temperature  and  rate— dependent  and  thus,  the 
interaction  between  mobilization  of  compressive  support  at 
the  pile  tip  and  tertiary  creep  of  the  adfreeze  bond  is 
complex*  Therefore,  bearing  capacity  design  is  based  on 
allowable  "pseudo"  adfreeze  strengths  which  are  determined 
from  long-term  field  and  laboratory  tests* 

The  long-term  allowable  adfreeze  strength  is  primarily 
dependent  upon  ground  temperature,  the  roughness  of  the  pile 
and  the  soil  type*  A  summary  of  adfreeze  strengths  is 
presented  in  Figure  5*1*  It  is  observed  that  the  adfreeze 
strength  is  inversely  related  to  the  ice  content  and 
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directly  related  to  the  roughness  of  the  pile.  In  the  limit, 
the  adfreeze  strength  of  very  rough  piles  approaches  the 
shear  strength  of  frozen  soil. 

It  wag  recognised  in  Chapter  4  that  the  adfreeze 
strength  is  a  function  of  the  area  of  ice  located  along  the 
shear  plane  which  in  turn  is  a  function  of  the  pile 
roughness.  It  is  proposed  that  the  adfreeze  strength  of  a 
frozen  soil,  T^,  is  related  to  the  long-term  shear  strength, 
T ^ ,  by  the  relation 


5.1 


where  ra  is  primarily  a  roughness-dependent  parameter. 

The  long-term  shear  strength  of  a  frozen  soil  is 
comprised  of  both  frictional  0  ^  ,  and  cohesive,  c^.  , 

components  and  can  be  expressed  by  a  modified  Mohr— Coulomb 
failure  theory 


5.2 


where  CJX  is  the  normal  stress  on  the  shear  plane. 

The  normal  stress  on  the  adfreeze  shear  plane  is 
typically  less  than  100  kPa,  thus  the  frictional  component 
is  generally  insignificant  and  may  be  neglected.  Hence, 
Equation  5.1  reduces  to 


t 


5.3 
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A  review  of  long-term  cohesive  strengths  of  frozen 
soils  has  been  presented  by  Vialov  in  his  classical 
publication*  "Rheological  Properties  and  Bearing  Capacity  of 
Frozen  Soils"  (Vialov  (1959)  )•  A  summary  of  these  data  is 

presented  in  Table  5*1  which  also  includes  the  long-term 
cohesive  strength  of  polycrystalline  ice  as  determined  by 
Voitkovskli  (1960)  •  These  data  are  also  presented  in  Figure 
5*2  which  defines  the  variation  of  cohesion  with  temperature 
for  the  four  soil  types  outlined  in  Table  5*1#  Comparison  of 
the  ic«.  data  for  the  long-term  cohesive  and  adfreeze 
strengths  (Figure  5*1)  reveals  that  ' m '  is  approximately 
equal  to  0*7  fcr  timber  piles*  This  is  consistent  with 
long-term  adfreeze  strengths  as  determined  by  Vialov  (1959)* 
The  long-term  adfreeze  strengths  of  steel  and  concrete  piles 
are  not  as  well  defined;  however,  it  is  possible  to  infer 
* m '  values  of  0*6  for  both  concrete  (Johnston  and  Ladanyi 
(  1972)  )  and  steel  ( Crory  (  1963)  )  piles* 

In  summary,  the  long-term  adfreeze  strength  may  be 
directly  related  to  the  soil  shear  strength  by  means  of  a 
coefficient  which  is  dependent  only  upon  the  pile  type  and 
Installation  method*  The  coefficient  1 m*  is  defined  in  Table 
5*2* 

It  is  of  interest  to  note  that  in  the  Soviet  codes  no 
distinction  is  made  between  timber  and  concrete  piles; 
however  the  code  does  recommend  that  a  reduction  factor  of 
0*7  be  applied  to  steel  piles  (National  Research  Council  of 


Canada  (1976)  )• 
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Temperature 

(°C) 

Ice-*- 

2 

Ice-rich 

silt 

Varved^ 

clay 

Ice-poor^ 
fine  sand 

-0.35 

55 

180 

230 

-1.15 

100 

260 

270 

-1.2 

160 

-1.8 

200 

-4.0 

300 

-4.2 

300 

470 

450 

Voitkovskii  (1960) 

2  Vialov  (1959) 

Table  5.1  Summary  of  Long-term  Cohesion  for  Frozen  Soils  (fcPa) 


Pile  Type 

m 

Steel 

0.6 

Concrete 

0.6 

Timber  (uncreosoted) 

0.7 

Corrugated  Steel  Pipe 

1.0 

Table  5.2  Summary  of  'm* 

Coefficients 
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Published  Adfreeze  Strengths 
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It  is  emphasised  that  the  cohesion  must  be 
representative  of  the  frozen  soil  condition  immediately  at 
the  pile/frozen  soil  interface*  In  this  way,  Equation  5*3 
indirectly  incorporates  the  influence  of  pile  emplacement  on 
the  allowable  adfreeze  strength*  For  example,  when  a  steel 
pile  is  driven  into  ice— rich  varved  clay  the  soil  structure 
remains  intact  and  the  cohesion  of  the  varved  clay  may  be 
used  in  the  design*  Hotever,  if  the  pile  is  frozen-in  using 
a  slurry  mixed  from  the  original  excavated  material,  the 
varved  structure  of  the  soil  around  the  pile  is  destroyed 
and  the  ad'eeze  strength  should  be  reduced  to  that  of  a 
steel  pile  in  ice— rich  silt*  Moreover,  if  a  steel  pile  is 
frozen— in  during  winter  moisture  will  migrate  to  the  pile 
and  a  thin  layer  of  ice  will  coat  the  surface  of  the  pile* 
The  adfreeze  design  should  then  be  based  on  the  cohesion  of 
ice*  If  the  pile  is  installed  in  summer  the  ice  lenses  form 
within  the  slurry  and  not  at  the  pile/soil  surface* 


5.3  S*t±l*n&nl  Ptsien 

5t  d.j.1  FricliQD  El.lgg 

5.3*  1  *  1  and  Icgrrlch  Eszs.n  Sail 

The  deformation  of  the  soil  around  a  pile  shaft  may  be 
idealised  as  shearing  of  concentric  cylinders  (see  Figure 
5*3)*  This  approach  has  been  verified  analytically  by  Frank 
(  1974)  and  Baguelin  &_!•  (  1975  )  •  Vialov  (  1959),  Johnston 
and  Ladanyi  (1972)  and  Nixon  and  McRoberts  (1976)  have 
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Figure  5.3 

Analytical  Model  for  Friction  Piles 
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applied  this  analytical  model  to  frozen  soils*  Accordingly! 
Johnston  and  Ladanyi  ( 1972)  have  proposed  that  the  creep  of 
friction  piles  in  ice  may  be  predicted  using 

—<x  -  - ; —  . 5.4 

<x  a-  l 

where  u^  is  the  pile  steady-state  settlement  rute  (m/yr),  a 
is  the  pile  radius  (in),  T  is  the  average  applied  adfreeze 
load  (kPa)»  and  B  and  n  are  temperature  dependent 
parameters!  defined  in  Chapter  2* 

The  validity  of  the  analysis  is  based  on  the  following 
as  sumptions 

1*  The  analysis  is  insensitive  to  changes  in  normal  stress 
on  the  lateral  surface  of  the  pile* 

2*  There  is  no  slip  at  the  pile-soil  interface* 

3*  Gravity  forces  are  negligible* 

4*  The  soil  is  homogeneous  and  Isotropic  and  the  properties 
are  uniform  with  depth* 

Some  of  these  assumptions  may  be  restrictive,  and 
comments  on  their  validity  are  necessary* 

Assumption  t  is  valid  since  it  was  shown  in  Chapter  2» 
that  the  long-term  deformation  behaviours  of  ice  and 
ice— rich  frozen  soils  are  independent  of  normal  stress* 
Assumption  2  is  satisfied  at  low  stress  levels  since  it  was 
confirmed  in  Chapter  4  that  piles  do  not  slip  through  frozen 
soil  unless  the  applied  adfreeze  loading  Is  greater  than  the 
adfreeze  strength*  Finally,  geothermal  gradients  in 


' 
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permafrost  are  typically  greater  than  30  m/°C  and  thus,  in 
most  long  pile  configurations  the  temperature  distribution 
may  be  assumed  uniform  with  depth*  However,  if  a  non-uniform 
temperature-depth  profile  can  be  Justified,  then  Nixon  and 
McRoberts  (1976)  have  shown  how  the  analysis  may  be 
developed  to  account  for  dept h— dependent  soil  properties* 
Similarly,  radial  inhomogeneity  may  be  incorporated  into  the 
analysis  by  considering  the  soil  as  concentric  homogeneous 
cylinders  and  integrating  the  strains  across  each  region* 

The  above  synthesis  justifies  the  use  of  this  analysis 
for  the  prediction  of  stresses  and  strains  around  a  friction 
pile  in  frozen  soils* 

Therefore,  the  load  carrying  capacity,  of  a  friction 

pile  of  length  L,  may  be  determined  from 


where  k  is  the  number  of  soil  layers* 

It  is  noted  that  if  the  soil  properties  are  not 
depth-dependent  then  Equation  5*5  reduces  to 

. s-6 

Equation  5*6  is  conveniently  summarised  in  graphic  form  for 
polycrystalline  ice  in  Figure  5*4  which  relates  the 
normalised  pile  velocity,  u ^f(x  to  the  ground  temperature  and 
the  a \ erage  applied  shaft  stress,  T  • 
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5t3«  lt2  Icgz.Bflor  frozen  soi  la 

A  constitutive  relationship  for  frozen  soils  has  been 

proposed  in  Equation  2*7*  The  ratio*  is  typically  less 

-fo-j 

than  1 • 25  for  most  pile  configurations*  Therefore*  better 
accuracy  may  be  obtained  by  putting  •  f»  equal  to  1*  For  the 
condition  of  simple  shear  Equation  2*7  now  reduces  to 

y=  Ktctb  . s.7 

where  y  and  T  are  the  shear  strain  and  shear  stress* 
respectively*  Equation  5*7  is  analagous  to  Equation  2*3  and 
so  the  normalised  displacement*  ua  *  may  be  related  to  the 
applied  shaft  stress  accordingly* 

Ua.  _  3  *  K'tf  . 5.8 

CXt15  0-1 

Normal  stresses  at  depth  on  very  long  piles  may  have  a 
significant  influence  on  the  pile  creep*  These  high 
confining  pressures  may  be  incorporated  into  the  analysis 
using  the  approach  outlined  by  Johnston  and  Ladanyi  (1972)  • 
Creep  constants  obtained  from  Table  A*3  were  substituted 
into  Equation  5*8  to  yield  creep  predictions  for  piles  in 
frozen  Suffield  clay,  Hanover  silt  and  Ottawa  sand*  These 
predictions  are  summarised  in  graphical  form  in  Figures  5*5 
to  5*7,  respectively*  The  load  carrying  capacity  of  a 
friction  pile  in  an  ice— poor  frozen  soil  is  thus  given  by 
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« 


APPLIED  SHAFT  STRESS  ,  APPLIED  SHAFT  STRESS, 

X  ( kPa)  X  (k  Pa) 

Figure  5.6  Design  Chart  for  Friction  Piles  in  Figure  5.7  Design  Chart  for  Friction  Piles  in 

Frozen  Kanover  Silt  (yf  =  1.78  Mg/m3)  Frozen  Ottawa  Sand  (yf  =  2.00  Mg/m3) 
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5j.i3.i2  En.tir bearing  Pi 

5>3jl2  « 1  lc.e  and  ice-rich  frozen  soils 

Nixon  and  McRoberts  (1976)  simulated  end— bearing  using 
the  following  two  models, 

1*  A  circular  footing  on  a  viscous  half-space# 

2#  An  expanding  spherical  cavity  in  an  infinite  viscous 
media • 

The  two  approaches  have  been  compared  tc  a  finite 
element  solution  of  the  surface  footing  pr oblem( N 1 xon 
(1978)).  The  results  of  this  study  are  encouraging#  It 
transpires  that  for  a  creep  exponent  of  3,  the  two  models 
predict  similar  results  and  overestimate  the  creep  strain  as 
computed  by  the  finite  element  analysis  by  a  factor  of  1#7# 
However,  the  first  approach  is  only  applicable  to  surface 
leads  whereas,  the  expanding  cavity  model  can  similate  creep 
behaviour  at  depth#  Field  and  laboratory  evidence  (Vialov 
(1959)  ;Ladanyi  and  Johnston  (1974)  )  indicate  that  the 

deformation  behaviour  of  frozen  sell  beneath  a  deep  circular 
footing  resembles  that  of  an  expanding  spherical  cavity  of 
radius,  a#  In  this  light,  the  second  model  is  a  better 
representation  of  end-bearing# 

The  pioblen  of  an  expanding  spherical  cavity  in  a 
non-linear  viscous  frictionless  media  and  its  limitations  as 
applied  to  a  deep  circular  footing  have  been  discussed  in 


. 
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detail  by  Ladanyi  and  Johnston  (1974)  •  Thus,  the  relation 
between  the  applied  end— bearing  pressure,  and  the 

resulting  pile  settlement  rate  is  given  by 

. s* 

This  can  be  simplified  and  approximately  expressed  by 


5.11 


from  which  the  end  bearing  load,  P^.  may  be  calculated 


5.12 


Equation  5.12  is  conveniently  summarised  in  graphical 
form  for  polycrystalline  ice  in  Figure  5.8  which  relates  the 
normalised  pile  velocity  to  the  ground  temperature  and  the 
end— bearing  pressure,  (5"g  • 


Icsz.cg.ar  .ggila 

The  analysis  of  end— bearing  piles  in  ice-poor  soils  may 
be  solved  by  introducing  Equation  2.7  into  the  expanding 
cavity  analysis.  This  is  not  a  very  difficult  mathematical 
exercise,  however,  it  has  been  found  that  the  solution  so 
obtained  is  too  complicated  for  practical  use.  Hence,  in 
this  analysis  ' f *  will  be  assumed  equal  to  unity.  The 
acceptability  of  this  has  been  discussed  by  Ladanyi  and 
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Johnston  (  1974)  who  concluded  that  the  assumption  is  not 
unreasonable  in  frozen  soils*  Hence*  the  time-dependent 
pressure-deformation  relation  is  given  by 


5.13 


Equation  5.13  is  summarised  in  graphical  form  for 
frozen  Suffield  clay*  Hanover  silt  and  Ottawa  sand  in 
Figures  5.9  to  5.11*  respectively.  From  Equation  5.13  the 
load  carrying  capacity  of  an  end— bearing  pile  is  given  by 


5.14 


ggpb-iaed  End-frgftclaa  and  Ec.ls.lLsn  Ellgfi 

The  non-linearity  of  Equations  2.3  and  2.7  preclude  a 
closed  solution  to  the  pile  problem.  However*  an  approximate 
solution  may  be  obtained  by  summing  the  shaft  and  tip 
components  as  determined  from  Equations  5.6  and  5.12  (  ice 
and  ice— rich  frozen  soils)  and  Equations  5.9  and  5.14 
(ice— poor  frozen  soils).  This  approach  assumes  that  the 
upper  layer  of  soil  will  be  deformed  by  the  load  transferred 
from  the  pile  shaft  and  that  the  lower  layer  of  soil  will  be 
deformed  exclusively  by  the  pile  base  load.  Figure  5.12 
shows  the  separate  deformations.  The  deformation  patterns 
along  A1— B  4and  A2-B2  will  not  be  compatible  and  this  will 


lead  to  some  interaction  between  the  upper  and  lower  soil 
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APPLIED  END  BEARING  STRESS,  APPLIED  END  BEARING  STRESS, 

aE(kPa)  <JE(kPa) 

Figure  5.10  Design  Chart  for  End  Bearing  Piles  in  Figure  5.11  Design  Chart  for  End  Bearing  Piles  in 
Frozen  Hanover  Silt  (yf  =  1.78  Mg/m3)  Frozen  Ottawa  Sand  (yf  =  2.00  Mg/m3) 
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Figure  5.12 

Uncoupling  of  Effects  Due  to  Pile  Shaft  and  Base  (Randolf  and 
Wroth  (1978)) 
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layers*  This  simplified  approach  is  therefore  only 
approximate  ,  however,  the  accept  ibility  of  this  model  lias 
been  checked  against  numerical  solutions  and  verified  by 
Randolph  and  Wroth  (  1978  )  • 

Therefore,  the  total  pile  load  capacity  in  ice  and 
ice— rich  frozen  soils,  P  may  be  determined  from  Figures  5*4 
and  5*8  or  if  the  temperature  distribution  is  uniform  with 
depth  P.p  may  be  calculated  using, 


The  percentage  of  load  borne  at  the  pile  tip  in 
Isothermal  ice  may  be  determined  from  Equations  5*5  and  5*15 


r\  a 


u 


rux 

3 


5.16 


Thus,  for  a  0*2  m  diameter  pile  of  length  25  m 
installed  in  polycrystalline  ice,  the  fraction  of  load 
supported  in  end— bearing  is  0*5  %  at  —1  °C  and  0*65  %  at  —10 
°C* 

Similarly,  the  total  pile  load  capacity  in  ice-poor 
frozen  soils  is  given  by. 


5.17 


and  the  percentage  of  load  borne  at  the  pile  tip  in 
isothermal  frozen  ground  is  given  by, 


c<x 

3 
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c  - l 


)c  L  +  1 


5.  18 


Thus,  for  a  0*2  m  diameter  pile  of  length  25  m 
installed  in  isothermal  frozen  Ottawa  sandy  the  fraction  of 
load  supported  in  end— bearing  is  1*1  %• 

From  the  preceeding  review  it  follows  that  pile 
end— bearing  is  negligible  in  homogeneous  frozen  soils* 


5-i-i  A  B9Yl91f  Si  El. 1 9  QC99.B  Ttfl.t  Rpgy.l.ta  la  Permafrost 

Pile  creep  in  ice  and  ice-rich  frozen  soils  and 
ice-poor  frozen  soils  has  been  predicted  using  Equations 
5*15  and  5*16,  respectively*  In  order  to  evaluate  the 
applicability  of  these  predictions  it  is  necessary  to 
compare  the  predicted  behaviour  with  actual  deformation 
behaviour  as  obtained  from  pile  load  tests  and  documented 
case  histories* 

.5 1 4 1 ,1  Criteria  and  £x<?g?dyrea  £gr  Aa&lxalca  Pi. I  s  fijatga 

The  deformation  behaviour  of  a  loaded  pile  in 
permafrost  is  very  sensitive  to  its  environment*  Therefore, 
in  order  to  procure  reliable  representative  creep  rates  from 
the  test  results  it  is  essential  to  subject  each  set  of  data 
to  a  critical  and  rigorous  review  giving  particular 
attention  to  the  following  details 
1*  Ground  Conditions 

The  deformation  behaviour  of  frozen  soil  is  strongly 


Influenced  by  the  ground  conditions,  in  particular,  the 
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ic«  content  of  the  deposit  and  the  ground  temperature* 
Consequently!  these  variables  must  be  adequately 
defined*  In  Chapter  2  it  was  recognised  that  the 
long-term  deformation  behaviour  of  ice  and  ice— rich 
frozen  soils  may  be  approximated  by  secondary  creep 
while  creep  of  ice-poor  soils  is  characterised  by  damped 
creep*  In  this  light*  the  date  were  categorised  as 
either  ice  and  ice— rich  or  ice— poor* 

2*  Pile  Type  and  Emplacement  Method 

In  order  to  take  into  account  variations  in  pile 
geometry  and  backfill  properties  the  concept  of 
•effective  pile  diameter*  has  been  introduced*  The 
effective  pile  diameter  of  a  square  pile  is 
theoretically  shown  to  be  equal  to  the  pile  width  in 
Appendix  C*  Similarly,  the  effective  pile  diameter  of  an 
H  or  rectangular  pile  of  cross-sectional  dimensions,  1 
by  b  is  equal  to  C l+b)/2*  The  effective  pile  diameter 
also  depends  upon  the  backfill  properties*  If  a  sand 
slurry  Js  used  the  effective  pile  diameter  is  given  by 
the  average  diameter  of  the  drilled  hole*  In  the 
following  study  the  effective  pile  diameter  was  not 
always  obvious*  In  such  cases  the  effective  pile 
diameter  was  set  equal  to  average  pile  diameter* 

3*  Magnitude  and  Type  of  Loading 

The  scope  of  this  review  encompasses  only  the  creep  data 
of  interest  to  foundation  engineers  and  therefore,  pile 


c.eep  data  was  only  included  if  the  ensuing  creep  was 
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not  characterised  by  tertiary  creep* 

The  validity  ol  using  incremental  load  tests  to 
determine  static  load  pile  creep  has  been  assessed  in 
Chapter  4,  from  which  it  emerged  that  ice-poor  frozen 
soils  are  stress-path  dependent*  Thu6,  in  this  study, 
for  ice-poor  soils,  only  creep  data  during  the  first 
load  increment  were  analysed* 

Finally,  the  data  were  categorised  as  either  friction 
pile  data  or  end  bearing  pile  data* 

5±4±2  gulling  sJ.  PI  it  Crttp  Itala 

The  earliest  pile  creep  tests  found  in  the  North 
American  literature  were  initiated  by  AFCEL  at  the  Alaska 
Field  Station*  Crory  (  1963)  reports  that  they  produced 
little  conclusive  data* 

In  1959  long-term  load  tests  on  three  creosote— treated 
timber  piles  commenced  at  Pile  Site  C  on  the  Alaska  Field 
Station  and  have  been  reported  by  Uadzula  (1966)  and  Huck 
(1967)  •  Unfortunately,  the  piles  and  their  instrumentation 
were  subject  to  frost— heave  forces  in  the  active  layer*  The 
outcome  of  this  is  reflected  in  the  creep  data  presented  by 
Huck  which  shows  that  the  piles  were  heaving  during  the 
summer  months*  Therefore,  these  data  are  considered 
unreliable • 

In  1966  six  additional  pile  creep  tests  were  conducted 
at  Pile  Site  C*  However,  Huck  (1967)  indicates  that  the  test 


loads  exceeded  the  pile  side  shear  capacities  and  thus  slip 
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occurred  at  the  pile-soil  interlace*  Therefore)  these  tests 
were  not  analysed  in  this  study* 

Crory  (1973)  and  Crory  ( 1975)  reported  twenty— lour  hour 
incremental  pile  load  tests  undertaken  by  CRREL  at  Bethel 
Air  Force  Station  and  Moose  and  Spinach  Creeks*  Alaska* 
However*  no  detailed  creep  data  has  been  released* 

Morgenstern  ( 1978)  provided  the  author  with  pile  creep 
test  data  lor  two  piles  in  ice— rich  silt*  The  piles  were 
loaded  incrementally  at  72  hour  intervals* 

Johnston  and  Ladanyi  ( 1972)  published  results  of  one 
incremental  and  ten  static  load  pull-out  tests  at  Thompson 
and  Gillam*  Manitoba*  The  ground  conditions  consisted  ol 
ice— rich  silts  and  clays*  Ground  temperatures  varied  from 
—0*1  to  —0*3  °C*  The  loads  were  very  high  and  all  of  the 
piles  at  both  sites  were  pulled  out*  Anchor  GG2  was  the  only 
anchor  to  be  tested  in  the  stress  range  pertinent  to  this 
s  tudy • 

Rowley  &£  aI*  (  1973)  reported  results  of  a  twenty-four 
hour  incremental  pile  load  test  on  a  timber  pile  in 
permafrost  near  Inuvlk*  The  ground  conditions  consisted  of 
ice  and  ice— rich  frozen  silt*  The  average  ground  temperature 
was  —1*4  °C* 

Frederking  (1974)  reported  results  of  load  tests  on 
wooden  piles  frozen  into  lake  ice  at  the  NRC  laboratories  in 
Ottawa*  Unfortunately*  temperature  cortrol  was  very  poor 
thus  no  attempt  has  been  made  to  analyse  these  results* 

A  study  of  the  Soviet  literature  reveals  t  comparative 
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wealth  of  pile  creep  data  in  frozen  soils*  Vialov  (1959) 
reported  that  in  1950  an  extensive  pile  load  testing  program 
was  initiated  in  the  underground  chambers  of  the  Igarka 
laboratory*  The  experiments  consisted  of  pushing  and  pulling 
model  wooden  piles  that  were  embedded  in  various  types  of 
frozen  soil*  Ground  temperatures  were  maintained  at  —0*4  °C* 
Long-term  static  load  tests  were  also  conducted  on  similar 
model  piles  in  ice  at  —0*4  °C  (Vialov  (1959))*  In  addition* 
the  results  of  static  pile  load  tests  on  full-scale  concrete 
piles*  driven  into  various  types  of  frozen  soils  were  also 
given*  For  these  cases*  the  ground  temperature  varied  from 
-0.2  to  -1.0  °C. 

Vialov  (1973)  summarised  results  of  a  long-term 
incremental  load  test  on  a  square  reinforced  concrete  pile 
in  Uokhsogol lokh *  USSR*  The  foundation  material  was 
primarily  ground  ice*  Temperatures  were  not  reported; 
however,  ground  temperatures  in  the  permafrost  of  the 
Uokhsogol lokh  area  at  a  depth  of  10  m  are  —2*0  °C  (National 
Research  Council  of  Canada  (1976)  )• 

The  results  of  an  incremental  pile  load  test  on  a 
circular  reinforced  concrete  pile*  embedded  mainly  in  ice  at 
Yakutsk*  USSR  were  also  given*  The  test  temperature  was  -2*3 
°C* 

Dokuchayev  and  Markin  (1972)  published  the  results  of 
one  Li  irementel  and  static  load  test  on  square  rc'.nforced 
concrete  piles  in  ice-rich  silt*  The  ground  temperature 
varied  from  —1*0  °C  at  the  top  of  the  pile*  to  —4*0  °C  at 
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the  tip* 

Vialov  (1978)  reported  results  of  very  long-term  (20 
years)  field  punching  tests  in  Ice-rich  frozen  soil*  The 
ground  temperatures  varied  from  -0*05  °C  at  the  outset  to 
—2*0  °C  on  completion  of  the  tests* 

Finally*  Womlck  and  LeGoullon  (1975)  have  documented 
the  behaviour  of  pile  foundations  for  the  Fairbanks 
Telemetry  Station  of  European  Space  Research  Organisation* 
The  permafrost  is  comprised  of  bands  of  icevup  to  3  m  thick) 
and  ice— rich  silts*  The  ground  temperature  at  depth  warmed 
slowly  from  —1*1  to  —0*5  °C  over  a  period  of  four  years* 
Miller  (1971)  reported  that  the  temperature  data  in  the  last 
three  years  may  be  in  error*  Therefore,  only  settlements 
incurred  during  the  first  two  years  have  been  included  in 
this  study* 

5-i4«,3  Pi-gg  vie  sign  stl  £ULs  Cr*?p  I&sl  Enin 

The  preceding  review  has  extracted  the  reliable  creep 
data  and  categorised  them  according  to  permafrost  type*  The 
ice— rich  and  ice— poor  frozen  soil  data  for  piles  are 
summarised  in  Tables  5*3  and  5*4,  respectively  and  the 
ice— rich  punching  data  are  summarised  in  Table  5*5*  It  is 
convenient  to  discuss  these  data  according  to  these 
categories* 


5*4. 3*1  igfi  and  icg-cich  Frozen 


It  was  concluded  in  Chapter  2  that  the  long-term 
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Table  5.3  Summary  of  Pile  Creep  Test  Data  in  Ice  and  Ice-rich  Soils 
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Pile 

Soil 

Pile 

Temp- 

Bulk 

Shaft 

Test 

Pile  Dlsp, 

.  Predicted  Pile  Disp  at 

Time.t (mm) 

Type  Diameter 

erature 

Density 

Stress 

Duration 

at  Time.t 

Suf  field 

Hanover 

Ottawa 

Mnnches  ter 

(m) 

(°C) 

(Mg/m-*) 

(kPa) 

(hr) 

(mm) 

Clayl 

Siltl 

Sand^ 

Fine  Sand2 

14 

Varved  Clay 

0.035 

-0.4 

1.77 

50 

2800 

0.3 

0.35 

0.009 

0.19 

0.089 

16 

Varved  Clay 

0.035 

-0.4 

1.77 

110 

800 

0.19 

1.5 

0.036 

0.39 

0.32 

24 

V. Silty  Snd 

0.035 

-0.4 

1.91 

130 

1200 

0.19 

2.6 

0.053 

0.54 

0.65 

25 

V. Silty  Snd 

0.035 

-0.4 

1.91 

80 

2000 

0.05 

0.97 

0.021 

0.33 

0.25 

110 

1400 

0.27 

1.8 

0.039 

0.45 

0.46 

26 

Sandy  Silt 

0.035 

-0.4 

1.85 

100 

800 

0.13 

1.2 

0.029 

0.35 

0.25 

27 

Sandy  Silt 

0.035 

-0.4 

1.85 

60 

1700 

0.13 

0.46 

0.012 

0.22 

0.11 

29 

V.Sar.dy  Sit 

0.035 

-0.4 

1.9 

100 

1450 

0.95 

1.5 

0.032 

0.41 

0.37 

1 

Sndy,Cly  St 

0.1 

-0.3 

? 

70 

2300 

16.9 

10.0 

0.19 

3.1 

2.8 

30 

130 

0.75 

1.1 

0.024 

0.51 

0.054 

12 

Silty  Clay 

0.1 

-0.15 

? 

10 

400 

1.0 

0.16 

0.004 

0.19 

0.008 

22 

Sndy,Sty  Cl 

0.1 

-0.15 

? 

15 

500 

2.0 

0.45 

0.009 

0.34 

0.028 

•;8 

Snd+St+Cly 

0.1 

-0.4 

? 

50 

900 

3.25 

5.5 

0.079 

1.5 

0.58 

3 

Sty.Cly  Snd 

0.1 

-0.7 

? 

75 

1800 

4.4 

11.0 

0.14 

2.4 

1.6 

11 

Snd+St+Cly 

0.1 

-0.9 

? 

100 

80  00 

3.8 

25.0 

0.26 

4.4 

6.3 

1  Sayles (1968 , 19  73) 

2  Sayles  and  Haines(1974) 


Table  5.4  Summary  of  Pile  Creep  Data  in  Ice-poor  Soils 


Punch 

Soil  Type 

Average  Test 
Temperature 
(°C) 

Net  Applied 
Punch  Load 
(kPa) 

Observed  Creep 
Rate,  ua/a 
(Yr-1) 

Test  Duration 

(Yr) 

1 

Silt  and  Sand 

-0.05 

80 

0.0099 

0.5 

-0.1 

200 

0.0101 

6.0 

-0.15 

200 

0.0048 

3.0 

-0.3 

200 

0.0013 

3.0 

-0.7 

200 

0.0011 

3.0 

2 

Silt  and  Sand 

-0.1 

200 

0.023 

0.46 

-0.2 

325 

0.016 

0.3 

-0.32 

325 

0.0031 

6.0 

-0.58 

325 

0.0035 

5.0 

-0.7 

325 

0.0037 

6.0 

3 

Clay,  Silt 

-0.12 

350 

0.045 

0.5 

and  Sand 

-0.2 

350 

0.020 

0.4 

-0.48 

350 

0.0051 

6.0 

-0.63 

350 

0.0056 

4.0 

-0.79 

350 

0.0031 

2.0 

-0.6 

350 

0.0031 

2.0 

Table  5.5  Summary  of  Punching  Test  Data  (Vialov,  1978) 
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deformation  behaviour  of  ice  and  ice— rich  frozen  soils  may 
be  approximately  represented  by  steady-state  creep  and  that 
the  flow  law  for  ice  provides  the  unper  limit  to  the  flow 
law  for  ice-rich  soil*  In  this  light*  the  friction  pile  data 
have  been  interpreted  as  secondary  creep  and  are  presented 
in  Figure  5*13  which  relates  the  minimum  recorded  pile 
velocity  to  the  average  applied  pile  shaft  stress*  The  tests 
were  conducted  for  durations  ranging  from  24  to  26000  hours 
at  —0*4  °C*  At  a  given  temperature,  scatter  in  the  data  may 
be  attributed  to  variations  in  duration  of  testing*  At  low 
stresses  long  durations  are  needed  to  establish 
approximately  steady  state  conditions*  From  the  data  given 
by  Vialov  (1973)  it  can  be  seen  that  steady— state  creep  had 
been  achieved  after  about  240  hours  at  a  temperature  of  —2*3 
°C,  under  an  applied  shear  stress  of  50  kPa*  Long-term  tests 
in  ice  at  -0*4  °C  (Vialov  (  1959))  resulted  in  steady-state 
conditions  after  100  hours  under  an  applied  adfreeze  loading 
of  100  kPa*  In  addition,  the  results  of  Dokuchayev  and 
Markin  (1972)  Indicated  that  steady— state  conditions  were 
established  after  120  hours  in  ice— rich  silt  at  an  average 
ground  temperature  of  —2*5  °C,  under  an  average  applied 
shaft  stress  of  170  kPa*  This  suggests  that  tests  shorter 
than  250  hours  are  still  dominated  by  transient  creep  and 
have  been  excluded  from  further  analysis  of  steady  state*  To 
this  extent,  Figure  5*14  summarises  the  long-term  creep  data 
for  ice  and  ice— rich  frozen  soil*  Inspection  of  this  figure 
reveals  that  the  correlation  is  much  improved  but  that  the 
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APPLIED  SHAFT  STRESS,  r  (kPa) 


Figure  5.13 

Summary  of  Reliable  Pile  Creep  Data  in  Ice-Rich  Frozen  Soils 
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APPLIED  SHAFT  STRESS,  r  (kPa) 


Figure  5.14 

Summary  of  Long  Term  (>  250  hrs)  Reliable  Creep  Data  in 
Ice-Rich  Soils 
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data  are  exclusively  at  — 0*4  °C  and  — 2*0°C*  Linear 
regression  analyses  have  been  performed  at  these  two 
temperatures  and  the  results  are  superimposed  upon  the 
The  predicted  pile  velocities  in  Ice  are  also  shown  in 
figure*  Comparison  between  predicted  and  observed  pile 
is  goodf  hence  the  available  data  support  the  applicat 
the  flow  law  for  ice  to  pile  design  in  ice  and  ice— ric 
frozen  soils* 

The  end— bearing  creep  data  in  ice-rich  frozen  sol 
presented  in  Table  5*5*  The  data  is  compared  to  the 
predicted  behaviour  in  ice  in  Figure  5*15  vhich  relate 
normalised  pile  (punching)  velocity  to  the  applied 
end— bearing  (punching)  pressure*  It  is  observed  that  t 
field  creep  rates  are  up  to  two  orders  of  magnitude  lo 
than  the  predicted  behaviour  in  ice*  Vialov  (1978)  rep 
minimal  ice  lensing  at  the  test  site*  Thus,  these  data 
support  the  hypothesis  outlined  in  Chapter  2  that  cree 
rates  in  homogeneous  ice  lens-free,  frozen  silt  (froze 
density  =  1*77  Mg/m3  )  are  much  lower  than  in  ice*  Furt 
it  is  observed  that  this  discrepancy  is  reduced  at 
temperatures  very  close  to  the  melting  point  (—0*05  to 
°C  )•  This  is  attributed  to  the  higher  unfrozen  water 
contents  at  these  higher  temperatures* 


Frozen  Sail a 


The  long-term  deformation  behaviour  of  ice-poor  f 
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soil  is  characterised  by  damped  creep*  The  primary  creep 
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aE(k  Pa) 

Figure  5.1 5 

Summary  of  Punching  Data  in  Ice-Rich  Soils  (Vialov  (1978)) 
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data  tor  friction  piles  in  ice— poor  soils  are  summarised  in 
Table  5*4.  The  data  are  presented  in  terms  of  the  total 
normalised  pile  displacement f  ua *  at  the  end  of  the  test* 
Table  5*4  also  includes  the  predicted  normalised 
displacements  for  piles  in  frozen  Suffield  clay,  Hanover 
silt,  Ottawa  sand  and  Manchester  fine  sand*  It  is  observed 
that  the  predicted  creep  behaviour  is  consistent  with  actual 
behaviour,  except  for  frozen  fine-grained  soils  at 
temperatures  very  close  to  the  melting  point  (—0*15  °C  )•  At 
these  temperatures  observed  settlements  are  greater  than 
predicted  settlements*  This  is  attributed  to  a  departure 
from  the  flow  law  (Equation  5*7)  as  a  result  of  higher 
unfrozen  water  contents* 

It  is  also  observed  that  the  pile  creep  data  support 
the  prediction  that  loose  (as  defined  by  density),  ice— poor 
frozen  silt  is  stiffer  than  ice-poor  frozen  sand*  This 
behaviour  was  also  inferred  from  results  of  pile  load  tests 
in  ice— rich  silt  and  ice— poor  clay  (Morgerstern  ( 197S))  and 
from  the  results  of  the  laboratory  tests  outlined  in  Chapter 
4  where  it  was  concluded  that  primary  creep  displacements  in 
sand  are  greater  than  in  silt*  This  behaviour  is  speculated 
as  being  attributable  to  the  phenomenon  of  dispersion 
hardening  in  which  silt— sized  particles  impede  the  movement 
of  dislocations  in  ice,  thereby  inhibiting  creep  (Chapter 
2). 

It  is  demonstrated  in  Table  5*4  that  the  predicted  and 
obser\ ed  pile  displacements  are  in  good  agreement  hut,  in 
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order  for  the  long—  “term  behaviour  to  be  accurately 
predicted*  it  Is  necessary  to  collate  observed  and  predicted 
tine  exponents*  Figure  5*16  summarises  the  t ime— di splacemen t 
behaviour  on  a  double  logarithmic  plot  for  pile  tests  in 
very  sandy  silt  and  clayey,  silty  sand  (Vialov  (1959))*  The 
time  exponents  are  determined  to  be  0*38  and  0*36, 
respectively*  The  corresponding  predicted  exponents  are  0*39 
and  0*37,  repectlvely*  Clearly,  the  data  are  in  excellent 
agreement • 

In  summary,  it  is  demonstrated  that  pile  creep 
behaviour  in  ice— poor  soils  may  be  reliably  predicted  on  the 
basis  of  laboratory  creep  data* 

SiiBafljy 

Two  design  approaches  have  been  presented*  The  limiting 
strength  design  determines  the  embedment  area  such  that  the 
long-term  adfreeze  strength  is  not  exceeded*  The  limiting 
settlement  design  determines  the  embedment  area  such  that 
long-term  creep  settlements  are  tolerable  within  the  life  of 
the  structure* 

A  critical  and  detailed  analysis  cf  the  pile  test  data 
has  confirmed  the  integrity  of  the  proposed  design 
techniques* 

The  relative  importance  of  each  design  approach  may  be 
assessed  by  superimposing  the  allowable  adfreeze  strength 
curves  for  steel  piles  in  ice,  ice— pot r  clay,  silt  and  sand 
on  Figures  5*4  to  5*7,  respectively*  It  is  noted  that  in 
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Figure  5.1 6 

Summary  of  Pile  Settlement/Time  Data  (Vialov  (1959)) 
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"these  figures  the  long— term  adfreeze  strength  for  steel 
piles  is  a  function  of  temperature  only#  In  this  regardy  the 
ordinate  axis  is  meaningless# 

Typicallyy  the  maximum  allowable  normalised  pile 
velocity  in  ice  and  ice— rich  frozen  soils  is  0#03  per  year# 
This  is  represented  as  a  horizontal  line  in  Figure  5#4# 
Clearly >  pile  design  in  ice  and  ice— rich  frozen  soils  is 
governed  by  settlement  considerations# 

Similarly,  in  ice— poor  frozen  soils  adfreeze 
considerations  will  generally  govern  at  colder  temperatures# 
However,  until  more  substantive  data  is  available  such  a 
generalisation  should  not  be  used  in  practice;  rather,  it  is 
recommended  that  the  design  be  based  on  both  settlement  and 
adfreeze  strength  criteria# 


5*6  grgp<?aad  Baalgn  Eragsdui:? 

It  is  assumed  that  the  pile  type  and  emplacement  method 
have  been  selected  and  that  the  ground  conditions  and 
loadings  (Equations  3# 2  and  3.3)  have  been  defined#  The 
proposed  design  guidelines  are  shown  schematically  in  Figure 
5*17  and  described  hereafter# 

If  competent  bedrock  is  within  practical  piling 
distance  of  the  ground  surface  then  end-bearing  piles  are 
preferred  and  may  be  designed  using  temperate  climate 
techniques#  If  this  approach  is  either  impractical  or 
impossible  then  the  piles  must  develop  adequate  bearing 


capacity  in  frozen  or  unfrozen  soils# 
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FRICTION  PILES  END  BEARING 

-DESIGN  BASED  ON  PILES  -DESIGN 

SETTLEMENT  AND  BASED  ON 

ADFREEZE  CONSI-  SETTLEMENT 

DERATIONS 
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Settlement  and  strength  properties  of  warm  (greater 
than  —1  °C  )  frozen  soils  are  still  poorly  defined*  Moreover* 
the  thermal  regime  of  such  soils  is  in  a  delicate  state  of 
equilibrium*  Thus*  the  presence  of  on  impending  structure 
and  the  changes  induced  by  landscape  modification  will 
effect  changes  in  the  soil  thermal  regime*  and  in  particular 
may  cause  some  degradation  of  the  permafrost*  In  this  light* 
it  is  recommended  that  the  embedment  area  be  based  only  on 
temoeratur es  colder  than  —1  °C*  Therefore*  In  marginal 

permafrost  areas  where  the  ground  temperature  is  warmer  than 
-1  °C*  special  precautions  must  be  taken  and  three  design 
alternatives  are  available*  First*  if  the  permafrost  is 
thaw-stable  (i*e*  clean  coarse-grained  frozen  soils)  then 
the  design  n-ay  be  based  on  the  unfrozen  soil  properties* 
Second*  if  the  permafrost  is  thaw— uns t abl e  then  the  soil  may 
be  orethawed  and  compacted*  In  both  cases  there  must  be  no 
crawl  space  between  the  structure  and  the  ground  surface* 
Third,  the  permafrost  temperature  may  be  lowered  using 
artificial  refrigeration*  Pile  design  is  then  identical  to 
that  for  cold  permafrost* 

Tf  the  ground  temperature  is  colder  than  —1  °C*  the 

following  procedure  is  recommended*  For  piles  installed  in 
ice  and  ice— rich  frozen  soils  (as  a  tentative  guideline  a 
soil  Is  classified  as  ice-rich  if  its  frozen  bulk  density, 
including  segregated  ice,  is  less  than  about  1*7  Mg/m3)  the 
embedment  area  is  determined  from  Figure  5*4* 

For  piles  installed  in  ice-poor  frozen  soils  the  design 
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may  be  based  on  either  end— bearing  or  friction  support  but 
not  bothf  because  the  relative  displacement  required  to 
mobilise  full  end— bearing  and  full  friction  are  not  the 
same.  The  pile  test  results  of  Sivanbaev  fiT.  (  1977) 
support  this  statement.  They  reported  results  of  incremental 
pile  load  tests  on  a  wide  range  of  pile-soil  configurations 
and  observed  e  distinct  "plateau"  effect  in  the 
load-settlement  data.  The  authors  also  report  that  this  has 
also  been  observed  at  several  other  locations  in  the  USSR. 
The  authors  offer  no  explanation  for  this  phenomenon; 
however,  ii  is  likely  that  this  plateau  effect  corresponds 
to  the  delayed  development  of  end-bearing  beneath  the  pile 
tip. 

For  a  friction  pile  the  required  embedment  area  is 
determined  from  both  settlement  and  strength  considerations. 
The  allowable  adfreeze  strength  may  be  estimated  from  Tables 
5.1  and  5.2.  It  is  emphasised  that  the  allowable  adfreeze 
strength  must  reflect  the  soil  condition  at  the  pile 
interface  during  operation.  Thus,  for  slurried  and  steamed 
piles  installed  in  winter  it  is  recommended  that  the 
adfreeze  strength  be  determined  for  piles  in  ice.  Further, 
the  adfreeze  strength  must  be  determined  for  the  warmest 
soil  conditions  throughout  the  design  life. 

In  order  to  satisfy  the  settlement  criteria  it  is 
necessary  to  determine  the  flow  law  parameters  as  defined  by 
Equation  2.7.  If  representative  creep  test  data  are  not 


avallaole  then  the  eabedment  area  may  be  inferred  irom  the 
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design  charts  for  ice-poor  clay,  silt  and  sand,  presented  in 
Figures  5#  5  to  5#7,  respectively#  These  charts  are  based  on 
the  results  of  tests  on  very  loose  frozen  samples  and  thus, 
are  considered  to  provide  the  upper  limit  for  predicted 
creep  displacements  of  piles  in  ice-poor  clay,  silt  and  sand 
at  ground  temperatures  less  than  —1  °C,  respectively# 

The  approaches  are  almost  certainly  conservative  but 
this  should  not  preclude  the  application  of  a  factor  of 
safety#  It  is  recommended  that  the  safety  factor  be  applied 
to  the  embedment  area#  Its  magnitude  will  depend  upon  the 
constuction  control  and,  more  importantly,  the  accuracy  of 
the  determined  design  parameters# 

Finally,  this  chapter  has  only  dealt  with  the  support 
capacity  aspect  of  design#  There  ere  many  other  aspects  of 
design  such  as  thermal  considerations,  estimation  of 
downdrag  loading  during  thawing  and,  of  course,  frost— heave 
loading  during  freezing#  These  concerns  were  reviewed  in 
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CHAPTER  6 


ANALYTICAL  STUDY  OF  PILE  DRIVING  IN  PERMAFROST 

6. l 

Direct  driving  is  the  preferred  installation  method* 
Both  H  piles  and  open-ended  piles  have  been  driven 
successfully  in  homogeneous  fine-grained  frozen  soils  using 
conventional  impact  driving  equipment*  However,  serious 
setbacks  have  been  encountered  in  dense  coarse-grained 
frozen  materials  C Woodward— Lundgren  (1971)  and  Crory 
(1973))*  This  prompted  Woodward— Lundgren  to  undertake  an 
extensive  field  piling  program  to  determine  the  most 
efficient  driving  procedures*  During  the  course  of  this 
study,  13  piles  were  driven  into  predrilled  holes  of 
diameter  0*7  times  the  pile  diameter  end  55  piles  were 
driven  directly  into  permafrost*  It  was  determined  that  the 
success  rates  for  driving  directly  into  permafrost  and  into 
predrilled  holes,  in  fine-grained  frozen  soils  containing 
isolated  gravel  strata,  were  35  %  and  70  %,  respectively* 
The  authors  anticipated  that  predrilling  the  holes  to  85  % 
of  the  pile  diameter  would  have  ensured  a  success  rate  of 
100  %•  The  authors  concluded 

"Frequently  both  pipe  and  H  piling  were  distorted 
during  driving*  The  H  pile  exhibited  particularly 
bad  directional  characteristics  i  r.  that  they 
frequently  deflected  perpendicular  to  the  minor  axis 
»hen  an  obstruction  was  encountered*  Under  similar 
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conditions  pips  piling  deformed  radially  near  the 
tip  but  maintained  direction" 

As  a  result  of  this  study  Woodward— Lundgre n  concluded  that 
driving  piles  to  a  prescibed  depth*  without  predrilling,  is 
not  practical. 

Davison  a l •  (1978)  have  observed  that  H  piles  will 

deform  under  sustained  driving  in  dense  frozen  soils  using 
hammer  energies  in  excess  of  22000  ft.lbs.  However,  they 
suggest  that  high  driving  stresses  may  be  tolerated  if  the 
column  axis  is  reinforced  with  steel  angles  welded  to  the 
web  of  the  pile.  Using  this  technique,  the  authors  report 
that  pile  failure  did  not  occur  even  when  piles  were  driven 
at  3300  blows  per  metre  using  a  Delmag  D-22  (Rated  Energy, 
39800  ft.lbs).  The  authors  conclude  that  this  pile  type  may 
be  satisfactorily  driven  in  dense  coarse-grained  strata  by 
predrilling  a  0. 1  to  0.15  m  diameter  pilot  hole. 

During  Impact  driving  most  of  the  energy  is  expended  in 
breaking  down  the  soil  structure,  with  only  a  small  fraction 
transferred  to  the  soil  as  thermal  energy.  Thus,  only 
partial  thawing  of  a  very  thin  layer  of  soil  occurs  along 
the  pile  surface.  During  vibratory  driving  the  pile  undergos 
10  to  20  vibrations  a  second  and  owing  to  the  high  frequency 
of  each  blow  the  energy  cannot  be  diffused  and  concentrates 
in  the  soil  in  the  Immediate  vicinity  of  the  pile,  thus 
effec  ing  an  increase  in  temperature  and  thawing  of  the 
soil.  This  thawed  soil  has  been  observed  to  be  in  excess  of 
0.1  metres  (Vialov  £_£  ai*  (  1969)  )• 
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In  frozen  fine-grained  soils  pile  driving  outpaces 
thawing  and  hence  the  pile  point  continually  penetrates 
frozen  ground  (Vialov  aA*  (1969)  )•  Further,  as  a  result 
of  frictional  heat  generated  along  the  lateral  surface  of 
the  pile,  the  adjacent  soil  is  maintained  In  a  thaved  state 
thus  minimising  shaft  resistance  and  thereby  facilitating 
driving*  This  is  supported  in  the  field  by  Vialov  &±  at. 

(  1969)  who  observed  that  driving  rates  were  invariant  with 
depth  and  that  liquefied  soil  is  continually  squeezed  out  at 
the  ground  surface  during  vibratory  driving* 

Buck  and  Hull  (  1971  )  report  that  the  BRD— 100  proved 
very  successful  in  driving  H  and  pipe  piles  into 
fine-grained  frozen  soils*  They  observed  driving  rates  in 
massive  ice  of  1*0  m/niin*  However,  difficulties  were 
encountered  when  driving  pipe  piles  into  bouldery 
permafrost*  The  authors  report  that  the  boulders  "plugged 
up"  the  bottom  of  the  pipe  and  thus  the  pipes  were  driven 
essentially  as  displacement  piles* 

In  coarse-grained  frozen  soils  the  pile  advancement 
rate  is  commonly  less  than  10  cm/min  (Vialov  §£  (1969)  ) 

and  driving  does  not  outpace  thawing*  In  such  soils,  driving 
is  considerably  facilitated  by  a  reduction  in  soil  strength 
following  an  increase  in  soil  temperature* 

It  is  anticipated  that  pile  advancement  by  vibratory 
driving  in  dense  granular  frozen  soils  will  only  occur  when 
the  soil  around  the  pile  tip  is  thawed  and  the  soil 
particles  are  able  to  undergo  liquefaction*  Thus,  pile 
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advancement  rates  in  these  soils  are  expected  to  be  less 
than  for  the  identical  soil  In  the  thawed  state* 

Vialov  sJi  Al*  (  1969)  report  that  square  reinforced 
concrete  piles  can  be  driven  into  heavy  gravelly  loam  at  a 
rate  of  5  to  8  cm/min  using  the  S-838  vibratory  driver#  They 
also  report  that  driving  is  only  marginally  assisted  by 
predrilling#  However »  it  is  likely  that  in  gravelly  frozen 
soils  vibratory  driving  will  result  in  less  soil  extrusion 
at  the  ground  surface  thus  driving  in  such  soils  may  be 
expedited  by  predrilling# 

Despite  the  widespread  success  of  using  vibratory 
techniques  to  drive  piles  in  the  USSR  and  to  advance 
boreholes  in  Canada  and  the  USSR*  piles  are  rarely  driven  in 
the  vibratory  mode  in  North  American  permafrost#  The  recent 
experience  acquired  in  Alaska  (  Woodward— Lundgren  (1971)  f 
Crory  (1973)  f  Crory  (1975)  and  Davison  si  ii#  (1978)  )» 

with  regard  to  Impact  driving,  is  largely  responsible  for 
the  recent  upsurge  in  impact  pile  driving  in  permafrost# 
However,  there  is  still  skepticism  regarding  vibratory 
driving  in  permafrost  in  North  America#  This  exists  as  a 
result  of  the  limited  field  experience  and  has  been  enhanced 
by  mechanical  problems  experienced  using  conventional 
vibratory  equipment  in  arctic  environments 
(  W oodward-Lundgren  (1971)  )• 

The  intent  of  this  chapter  is  to  study  pile  driving 
using  the  wave  equation  analysis#  The  documented  records  for 
impact  driving  in  frozen  soils  are  analysed  in  order  to 
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construct  an  appropriate  soil  model  for  use  in  the  analysis* 
The  extension  to  vibratory  piling  in  permafrost  is  a  complex 
thermal— vi brat  ion  interaction  problem  and  is  beyond  the 
scope  of  this  thesis*  However,  an  analytical  approach  to 
this  dynamic  problem  is  outlined  at  the  end  of  this  chapter* 


£_*.2  Analysis  oJL  la-pact  JElIf  Driving  Pglng  ±hs  Wave  Esmallgn 
Smith  ( 1962)  proposed  that  the  stresses  Induced  in  a 
pile*  being  driven  by  an  impact  hammer*  could  be  described 
as  a  wave  or  pulse  travelling  along  the  pile  length*  The 
theory  for  the  one— dimens iona l  wave  equation  has  been 
summarised  by  Holloway  ( 1975)  •  The  governing  equation  is 


c*  3V  ^  a  v 


6.  1 


where  c  is  the  velocity  of  wave  propogatlon,  u  is  the 
element  displacement,  x  is  the  coordinate  location  of  a 
point  along  the  rod  and  t  is  the  time*  This  has  been 
analysed  using  a  finite  difference  procedure  by  Smith  (1962) 
and  Bowles  (  1974)  ,  and  more  recently  using  a  finite  element 

procedure  by  Holloway  (1975)  •  The  finite  difference 
approach  is  simpler  and  has  been  adopted  in  this  study* 

A  finite  difference  approximation  to  the  above 
differential  equation  discretizes  the  physical  problem  into 
small  segments*  The  pile  is  divided  longitudinally  into 
discrete  masses,  interconnected  by  springs*  A  complete 


description  of  the  finite  difference  approximation  is  given 
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by  Smith  (  1962)  and  Holloway  (  1975  )  *  In  order  to  apply  this 
procedure  to  the  pile  driving  problem  the  physical 
characteristics  of  the  hammer,  capblock ,  pile  cap  and  pile 
are  handled  in  the  same  way  as  recommended  by  Smith  (1962)  • 
Smith  (1962)  modeled  the  soil  resistance  by  means  of  the 
elastic  quake,  Q,  the  ultimate  ground  resistance, 
and  the  viscous  damping  constant,  J*  These  terms  are  defined 
in  detail  in  his  paper* 

Frozen  soils  are  vi sco— e las ti c ,  hence  the  ground 
resistance  is  a  function  of  the  ti me— t o— f a i lure •  The 
ultimate  s  t  r  en  g  t  h/  t  i  me- 1  o-f  a  1  lure  relationtahip  for  frozen 
soils,  at  very  high  strain  rates,  has  been  summarised  in 
Chapter  2  and  is  given  by  Equation  2*8*  Therefore,  in  order 
to  determine  the  soil  resistance  acting  on  an  element,  i, 
the  t ime— t o- f al lure  (or  strain  rate)  of  the  adjacent  soil 
must  be  known*  This  may  be  determined  from  the  elastic  quake 
and  the  element  velocity,  v  , 

v» 


Bowles  (1974)  demonstrated  that  for  unfrozen  soils  the 
solution  is  only  slightly  sensitive  to  the  selected  value  of 
quake  and  that  satisfactory  results  are  obtained  if  0  is 
selected  between  2*5  and  3*8  mm*  In  this  analysis  the  quake 
is  assumed  to  be  2*5  mm* 

A  convenient  simplifying  assumption  is  to  neglect  shaft 
friction*  This  is  a  valid  assumption  for  steel  piles  driven 
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into  frozen  clays,  silts  and  sands,  where  the  thawed  slurry 
inposes  negligible  shaft  resistance*  This  assumption  is 
supported  by  field  evidence  which  indicate  that  the  blow 
counts  are  invariant  with  depth  (Crory  (1975)  )•  Therefore, 

in  this  study  shaft  resistance  has  been  neglected* 

The  ultimate  ground  resistance,  ♦  of  a 

frictionless  soil  beneath  a  deep  circular  footing  may  be 
related  to  the  soil  unconfined  compressive  strength  by  the 
re  la t i on 


6.3 


Thus,  at  any  time,  t,  the  soil  resistance  at  the  pile 
tip  may  be  determined  as  a  function  of  the  velocity  of  the 
p 1 le  tip* 

The  laboratory  results  of  high  strain  rate  tests  on 
frozen  silts( Haynes  £±  ai*  (1975)  and  Haynes  and  Karalius 
(  1977)  )  indicate  that  for  t  i  aes-'  to—  f  a  i  lure  greater  than 

approximately  0.4  seconds,  the  compressive  strength  is 
insensitive  to  the  applied  strain  rate*  This  implies  that 
when  the  pile  tip  velocity  is  less  then  6  mm  per  sec,  the 
soil  resistance  assumes  a  constant  value,  •  Therefore, 

during  rebound  of  the  pile  tip  the  soil  resistance  is  a 
linear  function  of  Ru^ 


Q 
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where  D  is  the  tip  displacement  and  Dl  is  the  soil  plastic 
displacement  at  the  pile  tip* 

It  Is  assumed  that  when  D  <  D1  the  resistance  at  the 
pile  tip  is  equal  to  zero*  In  other  words*  the  pile  tip 
cannot  transsit  tensile  forces  to  the  underlying  frozen 
soil* 

In  summary*  the  analysis  presented  herein  is  identical 
to  Smith’s  fornulation*  with  the  exception  that  a  new  soil 
model  has  been  introduced*  This  analysis  is  most 
conveniently  executed  using  a  computer*  A  listing  of  the 
program  is  presented  in  Appendix  D* 

Paring  trl£  Stud  its 

Since  the  selection  of  Q  Is  somewhat  arbitrary  it  is  of 
interest  to  study  the  influence  of  Q  in  terms  of  the  overall 
solution*  Such  a  study  was  conducted  for  a  10*7  m  10BP57 
steel  pile  driven  into  ice  (temperature  =  0  °C )  using  a 
Delmag  D-12  driver*  The  pile  details  are  summarised  in  Table 
6*1*  From  the  data  of  Hawkes  and  Mellor  (1972)  the 
compressive  strength  of  ice  is  given  by 


6*  5 


where  T  is  the  temperature  in  degrees  centigrade*  Thus  at  0 
°C 
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Table  6.2  Summary  of  Pile  Driving  Case  Histories 
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The  quake  was  varied  from  0*25  to  4*0  mm*  The  results 
are  presented  in  Figure  6*1*  Inspection  of  this  figure 
indicates  that  the  calculated  blowcount  is  only  mildly 
sensitive  to  the  quake* 

The  parametric  study  was  extended  to  study  the  effect 
of  ground  temperature*  The  results  are  presented  in  Figures 
6*2  and  6*3  which  give  the  variation  of  blowcount  with 
temperature  and  the  variation  of  bearing  stress  with  time 
since  moment  of  impact (  respectively*  As  expected*  the 
maximum  bearing  stress  increases  with  decreasing  temperature 
from  230  MPa  at  -10  °C  to  85  MPa  at  -1  °C. 

Therefore,  using  the  wave  equation  analysis  it  is 
possible  to  predict  whether  the  pile  tip  will  be  damaged 
during  driving*  The  wave  equation  may  also  be  used  to 
determine  tensile  stresses  in  a  concrete  pile  thus  providing 
a  basis  for  designing  the  tensile  reinforcement* 


cgtqattrlflgn  ol  E.r  evicted  CjlYlpg  Bshaylaur  lAlii  Actual 
F 1  Pr lying  Bssorda 

Crory  (1973)  reported  driving  records  for  8BP36  steel 
piles  driven  into  frozen  silty  sand*  Six  piles  were  driven 
using  a  Delmag  D— 12  diesel  hammer*  The  hammer  had  an  overall 
weight  of  5290  lbs,  including  a  2750  lb  piston  and  a  754  lb 
anvil*  Energy  output  per  blow  was  22600  ft*lbs*  Cushion 
blocks  were  not  used*  Pile  and  pile  driver  details  are 
summarised  in  Table  6*2*  The  actual  blowcount  was  measured 
to  be  72  blows/m*  The  predicted  blowcounts  are  29  and  39 


BLOWS  PER  METRE  BLOWS  PER  METRE 
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Blow  Count  Versus  Quake 


Figure  6.2 

Blow  Count  Versus  Ground  Temperature 


MAXIMUM  BEARING  STRESS 
DURING  DRIVING  (MPa) 


TIME  SINCE  MOMENT 
OF  IMPACT  (SECS.) 


Figure  6.3 

Maximum  Bearing  Stress  Versus  Temperature 
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blows/m  in  ice— poor  si  I*  and  ice,  respectively# 

Crory  (1975)  reported  driving  records  for  10BP57  steel 
piles  driven  in  ice-rich  silt*  Eight  bridge  foundation  piles 
were  driven  with  a  Delmag  D-12  diesel  hammer*  The  hammer 
specifications  for  this  hammer  were  given  in  the  preceding 
paragraph*  Pile  and  pile  driver  details  are  summarised  in 
Table  6*2*  The  average  blcwcount  was  measured  "'.o  be  46  blows 
per  m*  The  predicted  blowcounts  are  36  and  62  blows/m  in 
ice-poor  silt  and  icet  respectively* 

The  agreement  between  predicted  and  observed  behaviour 
is  excellent,  thereby  endorsing  the  accuracy  of  the  proposed 
analyst  s • 

Qyszxls't 

The  strength  behaviour  of  frozen  soil  is  strongly 
ti me— dependent  and  at  present,  the  dependence  of  soil 
strength  on  the  strain  rate  in  the  stress  fracture  range  is 
poorly  defined*  Therefore,  it  is  not  possible  to  determine 
allowable  bearing  capacities  on  the  basis  of  driving 
records* 

A  soil  model  has  been  proposed  for  use  in  the  wave 
equation  analysis*  This  model  incorporates  t 1 me— dependen t 
fracture  strength  behaviour*  It  has  been  demonstrated  that 
an  accurate  estimate  of  the  blowcount  can  be  obtained  by 
introducing  this  model  into  the  wave  equation  analysis*  The 
wave  equation  also  provides  a  means  of  estimating  the 
maxima  compressive  and  tensile  stresses  in  the  pile  during 
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driving* 

It  transpires  that  the  g 
important  a  variable  in  influ 
been  suggested  in  the  literat 
influence  that  ground  tempera 
alter  the  penetration  rate  du 

The  wave  equation  theory 
vibratory  pile  driving*  Rocke 
approach  to  determine  resonan 
unfrozen  soils*  It  seems  reas 
of  approach  could  be  used  in 
soils  where  pile  penetration 
changes  may  be  neglected*  How 
soils  pile  penetration  rates 
temperature  changes  occur  as 
around  the  pile*  Thus,  the  pi 
unfrozen  soil*  Clearly,  this 
problem* 

Finally,  on  the  basis  of 
chapter,  there  is  no  reason  t 
practically  vibrated  through 


round  temperature  is  not  as 
encing  pile  driveability  as  has 
ure*  The  only  significant 
ture  has  on  pile  driving  is  to 
ring  driving* 

may  be  extended  to  analyse 
fellor  (1967)  pursued  this 
t  piling  frequencies  in 
onable  to  assume  that  this  type 
fine—  and  med ium— grained  frozen 
rates  are  high  end  soil  thermal 
ever,  in  coarse-grained  frozen 
are  low  and  appreciable  ground 
the  thermal  energy  accumulates 
le  is  slowly  driven  through 
is  a  complex  thermal— resonance 

the  evidence  presented  In  this 
o  suggest  that  piles  cannot  be 
even  the  densest  of  frozen 


soils* 


■ 


CHAPTER  7 


CAST- IN- PLACE  CONCRETE  PILES  IN  PERMAFROST 

2-t-l  Introduction 

Cast-in-place  concrete  piles  offer  two  major  advantages 
over  slurried  and  driven  piles*  First,  appreciable 
end— bearing  support  may  be  realised  by  a  belled  pile* 

Second,  installation  of  cas t— in-place  piles  can  be 
effectively  controlled  to  produce  a  smooth— flowing, 
efficient  piling  program  which  is  of  prime  concern  in  major 
piling  operations* 

However,  cas t— i n— p lace  piles  have  seldom  been  used  in 
permafrost  regions*  The  problems  of  setting  and  strength 
gain  of  the  concrete  and  of  thawing  and  refreezing  of  the 
surrounding  frozen  ground,  as  well  as  f ros t— heavi ng  of  the 
piles  in  the  active  layer,  have  discouraged  design  engineers 
from  using  concrete  piles*  However,  the  frost  heave  problem 
may  be  circumvented  by  isolating  the  pile  through  the  active 
layer  and  the  development  of  gypsum— ba sed  oil-well  and 
calcium  f luoroalurainat e  portland  cements  has  overcome  many 
of  the  shortcomings  of  cementing  in  permafrost*  The  intent 
of  this  chapter  is  to  assess  the  suitability  of  cements  for 
northern  construction  and  so  define  the  use  of  cast— in— place 
concrete  piles  in  permafrost* 
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It  2  A  Kgylai  si  Arglic  Cwnti 

Cements  very  due  to  the  raw  materials  used,  the 
percentage  composition  of  chemical  compounds  and 
particle— f  ineness*  Some  cements  are  designed  with  specific 
properties  for  special  construction  tasks*  Cements  produced 
by  different  manufacturers  may  have  widely  different 
workabilities,  strengths,  setting  characteristics  and 
durability  properties* 

In  order  that  a  cement  may  be  successfully  applied  in 
cold  environments  one  basic  criterion  must  be  satisfied*  The 
mixing  water  in  the  cement  must  not  freeze  prior  to  curing* 
There  are  essentially  three  ways  of  overcoming  this  problem* 
First,  the  temperature  of  the  cement  may  be  artificially 
maintained  above  0  °C  using  external  heat  sources*  This  is 
expensive  and  is  Impractical  for  sub— surface  cementing  in 
frozen  soils*  Second,  the  heat  of  hydration  may  be  utilised 
to  maintain  the  temperature  of  the  cement  above  0  °C*  Third, 
sodium  or  calcium  chloride  may  be  added  to  the  cement  to 
prevent  freezing  of  the  mixing  water* 

At  present,  there  are  only  three  types  of  cement  that 
satisfy  these  conditions*  Calcium  aluminate  and  calcium 
f luoroalumi nat e  cements  utilise  their  high  heats  of 
hydration  to  prevent  freezing,  and  gypsum— based  oil-well 
cements  contain  salts  to  depress  the  freezing  point  of  the 
mixing  water* 

Laboratory  testing  has  shown  that  calcium  aluminate 


cements  deteriorate  when  subjected  to  continuous  freeze-thaw 
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cycles  (Cunningham  (1972)  )•  Thus*  high-alumina 

cements  are  unsuitable  for  permafrost  cementing* 

Calcium  f luoraluminate  or  regula ted— set  cement, 
"reg-set"  for  short,  is  a  recent  development  of  the  Portland 
Cement  Association*  Houston  and  Hoff  (1975)  describe  it 
thus  , 

"It  is  not  a  mixture  of  cements  or  an  admixture,  but 
it  is  a  Portland  cement  with  some  new  ingredients 
blended  in  the  kiln*  The  principle  difference 
between  reg-set  and  ordinary  Portland  cement  is  that 
re gul a  ted— set  cement  contains  a  new  ingredient, 
calcium  f luo raluminate,  which  provides  very  high 
early  strength*  Associated  with  the  development  of 
this  high  early  strength  is  the  liberation  of  large 
quantities  of  heat*" 

The  high  heat  of  hydration  enables  the  cement  to  gain 
its  initial  set  within  a  few  hours  and  at  ambient 
temperatures  as  low  as  —9*4  °C*  Unfortunately,  the  National 
Gypsum  Company  has  halted  production  of  this  cement  and  at 
the  time  of  writing  (June,  1979)  it  is  manufactured  only  in 
Japan  and  Germany* 

Gypsum  portland  cement  blends  offer  an  effective  cement 
mixture  for  cementing  oil  wells  in  permafrost*  It  is 
available  under  the  trade  names,  Permafrost  cement,  Arctic 
set  and  Cold  set*  Cunningham  e t  al *  (  1972  )  describe  it  thus 
"Permafrost  cement  is  a  blende  of  controlled  set 


gypsum  cement,  API  Class  G  cement,  salt,  a 
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dispersant  and  chemical  additives  to  control 
thickening  time*" 

A  sixty  percent  gypsum  and  forty  percent  API  class  G 
blend  is  commonly  used*  Gypsum  provides  early  strength*  even 
at  low  temperatures*  while  the  class  G  constituent  gives 
additional  later  strength*  The  salt  prevents  the  mixing 
water  from  freezing  prior  to  curing* 

In  summary*  there  is  potential  for  both  permafrost 
cement  and  "reg-set"  cement  for  use  in  sub— surface 
concreting  in  frozen  soils*  However,  as  mentioned  previously 
reg-set  is  no  longer  produced  in  North  America*  Therefore, 
the  remainder  of  this  chapter  will  explore  the  possibility 
of  using  permafrost  cement  as  a  binder  for  structural 
concrete  for  cast-in— place  piling* 

7*3  Kgflulre«gB$g  Is r  &  Suae fig slui  Qem&nl  lax  Use  la 
Constructing  gftgtrlnzElAc.fi  ggnsra.* A  Elisa  In  Pgxnflfragl 

The  following  criteria  must  be  satisfied  in  order  that 
a  cement  may  be  used  successfully  to  construct  cast— in-place 
concrete  piles* 

1*  The  concrete  must  be  able  to  set  at  below— zero 
temperatures* 

2*  The  mixing  water  must  not  freeze  prior  to  curing* 

3*  The  concrete  must  develop  adequate  compressive  strength* 
4*  The  heat  of  hydration  must  not  cause  excessive  thermal 
disturbance  to  the  permafrost* 

5*  The  concrete  must  be  stable  to  repeated  freeze— thaw 
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cycles • 

6 •  Adequate  bond  strength  must  develop  between  the  concrete 
and  the  permafrost* 

ZiA  Eyplufl.tlflp  si  Hip  Use  al  Ppraalrpst  g?Bppt  Is  Cane  true! 
gflatr  In-Plasp  ConcrPiP  Elisa 

Permafrost  cement  was  designed  specifically  to  meet  the 
needs  of  the  petroleum  industry*  There  is  no  documented 
evidence  that  this  cement  has  been  used  ir  structural 
concrete • 

4 1 1  Spiling  g.ha.rngipgi.ati,cB 

Maier  .gi  aJ,*  (  1970)  have  confirmed  that  this  cement 
will  hydrate  satisfactorily!  without  freezing!  at 
temperatures  os  low  as  15  °F  (—10  °C)* 

?.«  4j_2  PplprninfiiJ.an  si  CaanrasalYg  Sir ncnlha  si  Ppraftirnai 
Qgjigflt  gansraip 

A  laboratory  test  program  was  established  to  evaluate 
the  most  suitable  design  mix  for  cold  weather  concreting* 

The  aggregate  consisted  of  standard  concrete  sand* 

The  experimental  work  in  this  section  was  accomplished 
in  two  phases*  Phase  1  involved  the  evaluation  of  12 
concrete  mixes  made  at  varying  water/cement  ratios  (0*4t 
0*5!  and  0*6)  and  varying  sand/cement  ratios  (3*33f  4*0, 
4*8t>!  and  6*0)*  A  test  specimen  (7*62  cm  diameter  by  15*2  cm 
long)  was  prepared  from  each  mixture*  Slurry  temperatures 
varied  between  3  °C  and  8  °C*  A  thermistor  was  installed  in 
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the  centre  of  each  cylinder  and  temperature  was  monitored 
during  the  first  24  hours  of  curing# 

Tempera ture-tlme  curing  curves  are  summarised  in 
Figures  7#1  to  7*4#  The  following  conclusions  may  be 
inferred  from  these  datar 

1#  Initial  set  was  achieved  after  4  to  6  hours# 

2#  Beat  of  hydration  effected  temperature  rises  of  1#4, 

2#1»  2#5  and  4#0  °C  for  sand/cement  ratios  of  6#0,  4#86» 
4#0  and  3#33y  respectively# 

3#  For  a  given  sand/cement  ratio  the  heat  of  hydration  was 
approximately  Insensitive  to  variations  in  the 
water/cement  ratio# 

The  unconfined  compressive  strength  of  each  cylinder 
was  determined  after  seven  days#  The  results  are  presented 
in  Table  7#  1  • 

The  compressive  strength  and  workability  of  the 
concrete  mixtures  were  used  as  indicators  to  determine  the 
mixtures  most  suitable  for  cast— in— place  concrete  piling# 

The  following  2  wat e r/cemen t/ sand  ratios  (by  weight)  were 
selected*  0#45/l/2#75  and  0#45/l/3#0# 

Phase  II  involved  a  more  rigorous  determination  of 
design  strengths  for  the  2  selected  mixes#  Three  specimens 
(7#62  cm  diameter  by  15*2  cm  long)  were  made  from  each 
slurry#  The  cylinders  were  cured  at  a  temperature  of  —3  °C# 
Compressive  strengths  were  determined  afte"  7  days  and  are 
summarised  in  Table  7# 2#  The  mean  7-day  compressive 


strengths*  corresponding  to  sand/cement  ratios  of  2# 75  and 
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TIME  IN  HOURS 


Figure  7.1 

CURING  CURVES  FOR  FI  CENENT:SF!ND  RRTIO  OF  1:6 
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TIME  IN  HOURS 

Figure  7.2 

CURING  CURVES  FOR  R  CEtlENTtSRND  RRTIO  OF  1:4.86 
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Figure  7.3 

CURING  CURVES  FOR  R  CEMENT:SRND  RATIO  OF  1:4 
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Figure  7.4 

CURING  CURVES  FOR  R  CENENT:SRND  RRTIO  OF  1:3.33 
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Sample 

Uunber 

Water /Cement 
Ratio 
(gm/gm) 

Cement/Sand 

Ratio 

(gra/gm) 

Bulk 

Density 

(Mg/rn^) 

Compressive 

Strength 

(MPa) 

Comments 

1 

0.4 

0.17 

1.87 

2.47 

Very  dry  mix,  porous 

2 

0.5 

0.17 

1.96 

3.38 

Very  dry  mix,  porous 

3 

0.6 

0.17 

2.06 

4.04 

Dry  mix,  porous 

4 

0.4 

0.21 

2.01 

5.55 

Dry  mix,  porous 

5 

0.5 

0.21 

2.08 

6.54 

Medium  dry  mix,  porous 

6 

0.6 

0.21 

1.96 

4.43 

Medium  dry  mix,  many  air  bubbles 

7 

0.4 

0.25 

2.15 

8.53 

Medium  dry  mix,  a  few  air  bubbles 

8 

0.5 

0.25 

1.99 

6.68 

Good  consistency,  many  air  bubbles 

9 

0.6 

0.25 

1.94 

3.65 

Wet  mix,  many  air  bubbles 

10 

0.4 

0.33 

2.13 

8.98 

Good  consistency,  a  few  air  bubbles 

11 

0.5 

0.33 

1.97 

6.55 

Wet  mix,  many  air  bubbles 

12 

0.6 

0.33 

1.68 

2.84 

Wet  mix,  many  air  bubbles 

Table  7.1  Summary  of  7-day  Cylinder  Compressive  Strengths  -  Phase  1 


Sample 

Number 

Water/Cement 

Ratio 

(gm/gm) 

Sand/Cement 

Ratio 

(gm/gm) 

Bulk 

Density 

(Mg/m3) 

Slump 

(cm) 

Compressive 

Strength 

(MPa) 

2-la 

0.43 

3.0 

2.06 

18 

9.54 

2-lb 

0.43 

3.0 

2.06 

18 

9.14 

2-lc 

0.43 

3.0 

2.09 

18 

10.04 

2-2a 

0.44 

2.75 

2.09 

9 

11.8 

2-2b 

0.44 

2.75 

2.09 

9 

12.2 

2-2c 

0.44 

2.75 

2.08 

9 

12.3 

Table  7.2  Summary  of  7-day  Cylinder  Compressive  Strengths  -  Phase  2 


141 


3#0t  were  found  to  be  12#1  and  9*57  MPa,  respectively# 

2.1.4 <3  The  ElXect  stl  Cement  Bz^railan  sm  Ihs  Thermal  Regime 
stl  Uifi  E&vm*lraa± 

The  heat  of  hydration  of  permafrost  cement  is  specified 
to  be  10000  cal/kg  ( In land— Halliburton  (1978)  )•  The 
calculations  outlined  in  Appendix  E  demonstrate  that  during 
curing  the  thawed  annulus  around  a  0#5  m  diameter  permafrost 
cement  concrete  pile  cast  in  ice  will  not  exceed  9  ram#  The 
analysis  ignores  sensible  heat  and  is,  therefore, 
conservative#  Similarly*  the  thawed  annulus  around  a  0#5  m 
diameter  pile  in  permafrost  (comprised  of  20  %  ice  by  total 
weight)  was  found  to  be  less  than  20  mm# 

The  results  indicate  that  curing  of  permafrost  cement 
concrete  in  frozen  soils  will  not  be  detrimental  to  the 
thermal  stability  of  the  surrounding  permafrost# 

7  #  4  ♦  4  The  Ell&zX  stl  Bfipfifttsd  frsegerlhflw  gygles  sjk  Ihs. 
Compressive  Strength  stl  Cement”  ggoersis 

The  stability  of  permafrost  cement  to  repeated 
freeze-thaw  cycles  has  been  investigated  by 

Anderson  (1971a)  •  Compressive  strengths  were  periodically 
determined  throughout  the  test  period  (26  days)#  Anderson 
(1971a)  concluded 

"•••Permafrost  cement  appears  most  durable# • • no 
cracking  of  the  samples  occurred  and  there  was  a 


general  increase  in  compressive  strength  throughout 


. 
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the  test  period*" 

2.t  4 1 5  Evaluation  St  th.t  A^lrtrze  Bond  Between  Perwaf  rost 
£sasnt  ganc rata  ana  Earaairofl.t 

There  are  two  issues  that  must  be  examined  in  relation 
to  the  development  of  adequate  bond  strength  between 
permafrost  cement  concrete  and  frozen  soil* 

The  first  concern  entails  studying  the  influence  of 
salt*  intrinsic  in  the  cement,  on  the  adfreeze  bond*  This 
issue  has  been  addressed  by  Halliburton  Services  Limited  who 
have  conducted  pull-out  tests  on  cement  columns  cured  in  ice 
(Anderson  (1971b)  )  and  frozen  sand  and  gravel  (Anderson 

(1971c)  )•  Adfreeze  strengths  were  reported  to  vary  from  21 

to  1990  kPa  for  ice  and  from  1740  to  2830  kPa  for  frozen 
sand  and  gravel*  Ambient  temperatures  and  loading  rates  were 
not  given*  However,  it  is  probable  that  the  samples  were 
tested  immediately  after  removal  from  the  curing  environment 
and  thus,  the  temperature  at  the  cement— soil  (ice)  interface 
would  be  similar  to  the  temperature  at  which  they  were  cured 
which  was  reported  to  be  —6*7  °C • 

Ambient  temperatures  in  the  field  are  typically  warmer 
than  -5  °C  and  therefore,  this  study  is  not  representative 
of  many  field  conditions*  The  Influence  of  salt  on  the 
adfreeze  bond  strength  is  very  sensitive  to  temperature  and 
in  warm  permafrost  salt  contamination  of  the  frozen  soil, 
adjacent  to  the  cement,  will  prevent  complete  freezeback 
thereby  reducing  the  adfreeze  bond  strength* 

Second,  the  possibility  of  mixing  of  the  freshly  placed 
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concrete  nixing  with  the  soil,  during  curing)  must  be 
examined  as  this  may  result  in  weakened  concrete  av  the 
pile/soil  Interface* 

A  simple  laboratory  test  program  was  undertaken  to 
study  the  above  concerns.  A  rectangular  column  (7.5  cm  by  5 
cm  by  45  cm)  of  permafrost  cement  concrete  was  mixed  at  a 
water  cement  ratio  of  0.44  and  a  sand/cement  ratio  of  2.75 
and  allowed  to  cure  while  in  contact  with  one  face  of  a 
vertical  rectagular  column  (7.5  cm  by  10  cm  by  45  cm)  of 
pseudo— lay ered  frozen  soil  comprising  of  20  cm  of  frozen 
sand  (moisture  content  =  20  ft  ) ,  overlying  5  cm  of  ice, 
overlying  20  cm  of  frozen  silt  (moisture  content  =  70  %)• 
Prior  to  placement  of  the  concrete  slurry  the  vertical  face 
of  the  frozen  soil  was  carefully  trimmed  to  produce  a 
uniformly  smooth  contact  surface.  The  Initial  temperatures 
of  the  concrete  slurry  and  frozen  soil  were  5  °C  and  —3  °C, 
respectively.  The  specimen  was  allowed  to  cure  at  —3  °C  and 
after  3  days  the  Interfaces  were  inspected.  It  was  observed 
that  the  simulated  permafrost  had  not  completely  frozen  back 
to  the  concrete  surface.  The  concrete  and  frozen  soil  were 
separated  by  a  2  mm  zone  of  unfrozen  saline  soil.  Therefore, 
it  is  concluded  that  salt  does  diffuse  into  the  surrounding 
permafrost,  thereby  contaminating  the  pore  water  and  thus 
preventing  complete  freezeback.  This  diffusion  process 
probably  occurs  during  the  pre— hydration  period  when  the 
mixing  water  is  free  to  migrate  into  the  thin  zone  of  thawed 
soil  which  is  produced  when  the  concrete  slurry  placement 
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temperature  is  above  0  °C* 

There  was  no  evidence  of  contamination  of  the  concrete 
by  the  thawed  materials*  In  fact,  no  visible  soil  sloughing 
had  taken  place  even  adjacent  to  the  ice-silt  and  ice— sand 
i nterfaces • 

7-a5  PlgSUgfljgP 

The  preceding  brief  review  has  shown  that  permafrost 
cement  concrete  will  set  and  cure  at  below  zero  temperatures 
and  develop  adequate  compressive  strength  to  support 
structural  loads*  The  concrete  is  also  stable  to  freeze-thaw 
cycling  and  is  not  detrimental  to  the  thermal  stability  of 
the  permafrost* 

However,  the  laboratory  testing  program  has 
demonstrated  that  the  cement  does  have  an  adverse  effect  on 
the  adfreeze  bond  strength  between  the  concrete  and 
permafrost*  A  thawed  zone  of  saline  soil  was  observed  at  —3 
°C  around  the  permafrost  cement  concrete*  The  significance 
of  this  contamination  is  unclear*  However,  it  is  speculated 
that  in  cold  permafrost  (less  than  —6*7  °C),  the  thickness 
of  this  unfrozen  saline  film  is  decreased  and  under  such 
conditions  the  pile  may  be  capable  of  transferring 
structural  loads  to  the  frozen  soil*  Furthermore,  the  degree 
to  which  the  thawed  zone  controls  the  adfreeze  strength 
would  certainly  be  reduced  as  the  roughness  of  the  pile  is 


increased* 
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Clearly,  a  comprehensive  field  study  of  this  salt 
contamination  problem  must  define  allowable  adfreeze 
strengths  before  this  construction  method  can  be  considered 
as  a  viable  piling  alternative#  However,  it  does  appear  from 
this  preliminary  study  that  the  cement  does  have  potential 
for  use  as  a  construction  material  for  belled  and  tapered 
piles  and  footings  placed  directly  on  frozen  ground#  The 
governing  factor  in  such  cases  will  be  the  concrete 
strength# 
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CHAPTER  8 


INTERPRETATION  OF  PILE  CREEP  TESTS 

S..t  1  Introduction 

There  are  several  issues  that  complicate  the 
interpretation  of  field  pile  creep  data*  The  major  concern 
relates  to  the  reliability  of  predicting  long-term  behaviour 
from  short-term  pile  creep  tests*  This  concern  is 
particularly  apparent  when  testing  frozen-in  timber  piles 
since  Nixon  and  McRoberts  ( 1976)  have  suggested  that  pile 
compressibility  will  considerably  influence  the  short-term 
primary  creep  response  at  temperatures  lower  than  —2  °C* 
Further,  the  phase  change  expansion  of  the  pore  water  during 
freeze-back  of  the  slurry,  may  effect  considerable  pressure 
buildup  along  the  embedded  portion  of  the  pile*  Hence,  in 
frictional  frozen  soils  (ice— poor)  these  high  lateral 
pressures  may  inhibit  short-term  pile  creep*  Finally, 
despite  the  widespread  use  of  incremental  testing,  no 
definitive  statement  has  been  issued  with  regard  to  the 
effect  of  stress  history  on  the  creep  of  frozen  soils* 

Clearly,  the  above  problems  pose  serious  considerations 
for  design  engineers*  The  Intent  of  this  chapter  is  to 
clarify  these  concerns* 
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£  1 2  Ihg  EalfttlanatLiB  Bttmn  Long-ttf  ansi  Short-tif  Creep 
Behaviour  sil  FgflZgP  Sgllfl 

The  creep  behaviour  of  ice— poor  frozen  soils  may  be 
described  In  terms  of  Equation  2*5*  The  validity  of  this 
relationship  has  been  confirmed  throughout  the  time  range, 

40  to  2000  hours  ( Sayles  (1968)  ,  Sayles  (1973)  and  Sayles 
and  Haines  (1974)  )•  Thus,  extrapolation  of  short-term  data 

(less  than  250  hours)  in  ice— poor  frozen  soils  is  expected 
to  yield  satisfactory  predictions  for  the  long-term 
behaviour. 

The  interpretation  of  short-term  creep  data  of  ice— rich 
frozen  soils  is  more  complicated.  Long-term  creep  in  such 
soils  is  dominated  by  secondary  creep,  while  the  short-term 
behaviour  is  characterised  by  primary  creep.  Thus,  in  order 
to  secure  accurate  predictions  of  long-term  behaviour,  it  is 
necessary  to  extrapolate  from  steady— state  creep  not  damped 
creep  conditions. 

The  duration  of  primary  creep  is  a  function  of  the 
"mobility"  of  the  creep  mechanisms.  In  other  words,  the  more 
active  the  creep  mechanisms  the  shorter  the  duration  of 
primary  creep.  Therefore,  it  is  inferred  that  secondary 
creep  will  commence  more  quickly  at  higher  stresses  and 
warmer  temperatures.  This  concept  is  supported  by  laboratory 
creep  tests  on  polycrystalline  ice.  Colbeck  and  Evans  (1973) 
reported  that  steady-state  creep  was  observed  after 
approximately  one  day  of  testing  at  —0.01  °C»  under  a 
uniaxial  loading  of  58  kPa.  Similarly,  Mellor  and  Testa 
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)  reported  steady— state  creep  after  approximately  12 
at  —  2#06  °C*  under  a  uniaxial  loading  of  43  kPa< 
er,  it  was  observed  in  the  laboratory  creep  tests  on 
rystalline  ice  (outlined  In  Chapter  4)  that  secondary 
was  achieved  after  approximately  5  days  at  a 
rature  of  —0*8  °C,  under  a  shear  loading  of  19  kPa# 
Clearly,  extrapolation  of  short-term  data  (less  than  5 
at  temperatures  lower  than  *-1  °C  will  considerably 
stimate  the  long-term  behaviour# 

Woodward— Clyde  (1976)  extended  this  idea  to  piles  in 
n  soils  and  argued  that  a  critical  pile  displacement 
be  attained  before  secondary  creep  may  be  realised# 
observed  that  this  critical  pile  displacement  varied 
2#5  cm  to  3*8  cm#  However,  their  observations  are 
elusive  because  of  the  high  test  loads  end  short-term 
mental  testing  procedure#  Further,  if  a  critical 
acement  does  exist  it  will  surely  depend  on  the  ice 
nt  and  the  pile  geometry# 

Roggensack  (1977)  suggests  that  the  extrapolation 

ion  may  be  circumvented  by  employing  a  simple  power  law 

scribe  the  transient  creep  of  frozen  ice-rich  soils, 


£  -  At  %  6 


8.1 


He  observed  that  the  time  exponent,  a,  varied  from  -0#2  to 
—1*1  and  could  be  tentatively  related  to  the  applied 
devia^oric  stress  for  a  given  temperature  by  the  f<  llowing 
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a  = 


cj-S’o 


8.2 


In  this  way,  the  total  transient  strain  may  be 
segregated  into  primary  and  secondary  components*  Equation 
8*2  is  analogous  to  Andrade's  law  (a  =  —2/3)  which  Glen 
(1955)  used  to  phenomenologically  describe  the  transient 
creep  of  polycrystalline  Ice* 

The  constants  A  and  a  must  be  established  from  high 
quality  controlled  isothermal  long-term  creep  tests*  Such  an 
undertaking  would  involve  an  enormous  amount  of  experimental 
testing • 

Hence,  at  this  time  the  only  reliable  means  of  securing 
representative  secondary  creep  data  is  to  conduct  long-term, 
Isothermal  creep  tests* 


Ss.2  The  Effect  o £  Pile  Compressibility  sn  XilS  Sfapr.trlg.rm 
Creep  Behaviour  ol  Pllfifi  In  Ice-rich  frgZfen  Sal Ifi 

Nixon  and  McKoberts  (1976)  extended  the  simple  shear 
analysis  of  friction  piles  to  account  for  pile 
compressibility  and  concluded  that  the  time  required  to 
establish  uniform  shaft  stress  conditions  and  a  steady 
settlement  rate  may  vary  from  1  day  to  as  much  as  one  year, 
depending  primarily  on  the  ground  temperature* 

Their  analysis  was  based  on  the  -lo»  law  for  ice*  In 


reality  the  short-term  behaviour  of  ice— rich  frozen  soils  is 
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governed  by  primary  creep  and  thus*  their  analysis 
overes t lea tes  the  time  required  to  establish  steady  state 
c  ondl 1 1 ons • 

Primary  creep  data  tor  polycrystalline  ice  (Glen 
(1955))  and  (  Mellor  and  Testa  (  1969)  )  are  summarised  in 

Figure  8*1*  It  Is  observed  that  this  data  may  be  described 
in  terms  of  Equation  2*5*  There  are  insufficient  data  to 
determine  the  coiplete  dependence  of  strain  on  stresst 
temperature  and  time*  However,  the  stress  exponent  *c*  may 
be  inferred  from  Table  A*3  to  be  approximately  equal  to  2*0* 
Thus,  the  primary  creep  law  for  ice  may  be  expressed  as 
follows , 

^  r  i  l2^ 

~  - vO-77  cre  t  . 8.3 

Hence,  for  a  rigid  friction  pile  in  polycrystalline  ice  the 
short-term  pile  velocity  is  given  by, 

u0  -  . s.4 


where, 


D(z,t)  ^  O  ila-t 


i-fesa.  I2 

(&+0OT7J 


8.  5 


Further,  the  short-term  pile  velocity  of  a  compressible  pile 
(Nixon  and  McRoberts  (1976)  )  in  polyc rystalline  ice  is 


giver  by, 


UNIAXIAL  STRAIN 
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Figure  8.1 

Primary  Creep  of  Polycrystalline  Ice 
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8*6 


where  E  la  the  pile  compress ibi 11 ty  (MPa). 

Equation  8.6  Is  mildly  non— linear  and  may  be  solved  using  an 
explicit  finite  difference  procedure.  A  listing  of  this 
program  is  presented  in  Appendix  F. 

The  results  of  this  analysis  are  presented  in  Figures 
8.2,  8.3  and  8.4  for  a  pile  length  of  6.0  m  and  a  pile 
diameter  of  0.3  ra.  A  pile  modulus  of  10  000  MPa  was  used, 
which  is  representative  of  a  timber  pile.  The  pile  adfreeze 
loading  was  chosen  to  be  31.25  kPa •  The  results  indicate 
steady  state  equilibrium  conditions  are  achieved  much  more 
quickly  than  predicted  using  a  secondary  creep  model  (Nixon 
and  McRoberts  11976)  )•  Figure  8.2  shows  that  the  pile  is 

approximately  75  %  compressed  after  5  hours  at  —2  °C  and 
after  75  hours  at  —5  °C.  In  comparison,  Nixon  and  McRoberts 
(1976)  calculated  that  a  similar  pile  would  be  75  % 
compressed  after  approximately  7200  hours  at  —5  °C.  Figures 
8.3  and  8.4  show  the  variation  of  pile  displacement  and 
shear  stress  distribution,  respectively,  with  depth  and  time 
at  —5  °C.  It  is  noted  that  the  bottom  of  the  pile  starts  to 
deform  after  only  2  hours,  thereby  demonstrating  the  high 
mobility  of  the  frozen  soil  in  response  to  a  loaded 
compressible  pile.  These  predictions  are  consistent  with 
field  pile  tests  (ground  temperature  —0.3  °C  )  where  it  was 
observed  that  strain— gauge  instrumented  piles  were 
compressed  after  only  2  hours  of  loading  ( Morgenstern 


PILE  SETTLEMENT  (mm  )  PILE  SETTLEMENT  (mm. 
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Figure  8.2 

Settlement  of  a  Compressible  Pile  in  Ice-Rich  Soil 


a)  T  *  -  2  C 


TIME  (HRS) 
b)  T  =  -5°C 


PILE  DISPLACEMENT  (mms)  PILE  SHAFT  STRESS  (kPa) 

0.4  0.6  0.8  1.0  0  10  20  30  40 
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Figure  8.3  Figure  8.4 

Pile  Displacement  Versus  Time  for  a  Pile  Shaft  Stress  Distribution  Versus  Time  for  a  Pile 

in  Ice-Rich  Soil  (T  =  -2°C)  jn  |Ce-Rich  Soil  (T  =  -2°C) 
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(  1978  )  ). 

The  pile  shear  stresses  Immed  iat  e  ly  alter  loading  are 
considerably  higher  than  31*25  kPa  *n  the  upper  zone  ol  the 
pile*  The  analysis  suggests  that  the  adfreeze  bond  around 
the  upper  portion  ol  the  pile  will  la  1 1  at  very  early  times* 
The  s tress-t ransler  mechanism  on  this  portion  ol  the  pile  is 
highly  transient  and  quite  complex  thereby  precluding 
theoretical  analysis  at  this  time*  However*  it  is 
anticipated  that  the  strain  rate  in  this  portion  ol  the  pile 
would  be  very  high  and  thus  mobilise  very  high  adfreeze 
strengths*  In  this  light,  the  adfreeze  failure  zone  is 
expected  to  be  insignificant* 

Xhs  slX  £rggzsbfrgfc  f rgagargg  on  Ilia  Short-term 

Deformation  Bgjaaylg.uj  JLf  Fraztorln  Fllffg 

Frozen— in  piles  cannot  be  loaded  until  complete 
freezeback  has  occurred*  Freezeback  times  vary  from  2  days 
at  -3  °C  to  10  or  more  days  at  —1  °C*  In  winter  considerable 

freezeback  pressures  may  be  generated  around  the  pile*  Under 
such  conditions,  the  upper  zone  of  slurry  freezes  within 
hours  and  the  remainder  ol  the  slurry  is  forced  to  freeze 
under  closed  drainage  conditions*  These  pressures  slowly 
dissipate  with  time  as  the  surrounding  permafrost  undergos 
stress  relaxation*  In  Chapter  5  it  was  recognised  that  the 
horizontal  overburden  stresses  imposed  on  the  lateral 
surface  of  a  pile  in  ice— rich  soil  may  be  neglected  in  pile 
design*  However,  the  behaviours  of  Ice— poor  soils  are 
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noticeably  frictional  ( Sayles  (1973)  )  and  at  h’sher 

confining  stresses  (greater  than  250  kPa )  the  lateral 
pressures  should  not  be  ignored*  This  is  of  no  real 
consequence  in  pile  design*  since  the  conservative  influence 
of  high  confining  pressures  may  be  safely  neglected* 

However*  this  phenomenon  may  have  serious  implications  to 
pile  test-based  designs*  where  short-term,  confined  creep  is 
more  subdued  than  long-term  unconfined  creep*  Clearly,  it  is 
important  to  study  the  relaxation  of  pressures  around  a 
frozen-in  pile* 

Davis  (1960)  solved  the  problem  of  relaxation  of  a 
hollow  cylinder,  in  which  a  state  of  plane— strain  exists* 

The  axial  strain  vanishes  and  the  material  is  assumed 
incompressible*  At  time  t=0»  the  inner  radius,  r=a,  is 
enlarged  a  small  amount, p  •  This  enlargement  is  maintained 


constant  with  time*  Thus,  as  the  viscous  cylinder  relaxes, 
the  elastic  strain  is  slowly  converted  to  plastic  strain* 

The  sura  and  difference  of  stress,  s  and  S,  respectively 
are  given  by 


8.  7 


The  initial  purely  elastic  state  of  stress  is  expressed  by 
the  Lame  formulas, 


8*  S 
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creating  the  radial  displacement, 


8.  9 


.  5: 


46*a 


8.10 


where  b  is  the  external  cylinder  radius,  is  the  Initial 

applied  internal  pressure  and  G  is  the  shear  modulus. 

The  radial  velocity  w=0  vanishes  throughout  the 

•  • 

cylinder  and  hence  the  total  rates  of  strain  and  £.rnust 

vanish  at  all  times  t.  For  a  primary  creep  law  of  the  form 
of  Equation  2.5  this  condition  may  be  stated  as  follows 


—  +  S‘s  o 

4C,  aLt  '  2-  1 
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where , 


eC-o «  Kbtw 


8.12 


Therefore , 


S'  \  -  4GtbK(l^Y'4+  f  . 8.13 

After  integration,  and  applying  the  initial  boundary 
condition  that  at  time  t  =  0 ,  S  =S  ,  it  transpires  that. 


SL 


[i .  [t-  i)(*  k  2,'t  ^  sr'-tb>'- 


8.14 
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The  second  unknown*  's'»  is  prescribed  ’through  the 
equilibrium  equation* 

2l  [^S>) 

dr  ^>r  ' 

Now*  from  Equation  8.14, 


3_  ^S)  =  2.p£r 

where  * 


8.16 


E  =  4  Cn  a 

and 

D  -  U-^K2K^£L"tk 

There  fore 

g,  ^  2I>E  f-  - - -  -  ■+  ^  W  . 8.19 

The  integral  may  be  evaluated  in  closed  form  when  l/(c— 1)  is 
an  integer.  Thus*  for  frozen  Hanover  silt  *c*  is 
approximately  equal  to  2  and  Equation  8.16  becomes* 

2E  [ttTT  "  D  lo9^V  H 


8.  17 


8.18 


8.20 
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where  is  the  value  of  s  at  r=b • 

Thusf  from  Equations  8*14  and  8.20  the  radial  stress*  CTf*  is 
given  by* 

Of  =  \r  S>  ......  8.21 

2. 

This  problem  has  been  solved  for  a  0.15  tn  diameter  pile 
Installed  in  a  0.25  m  diameter  hole.  The  ground  conditions 
were  assumed  to  consist  of  frozen  ice-poor  Hanover  Silt  at 
temperatures  of  —l  °C  and  —5  °C.  The  soil  shear  modulus  was 
estimated  to  be  500  MPa  (Kaplar  (1969)  )•  The  moisture 

content  and  frozen  bulk  density  of  the  slurry  are  assumed  to 
be  15  %  and  2.11  Mg/ rn3 *  respectively.  The  maximum  radial 
enlargement  of  the  hole  as  a  result  of  phase  change  of  the 
mixing  water  is  computed  to  be  1  mm. 

Figure  8.5  shows  the  effect  of  ground  temperature  on 
the  relaxation  of  radial  stress  at  the  slurry— permafrost 
interface.  It  is  observed  that  at  —1  °C  the  excess  radial 
stress  dissipates  quickly  and  after  500  hours  is  equal  to 
150  kPa.  However*  at  —5  °C  the  permafrost  relaxes  more 
slowly  and  after  500  hours  the  radial  stress  is  equal  to  350 
kPa  . 

Figure  8.6  summarises  the  relaxation  of  radial  stresses 
away  from  the  pile  in  frozen  silt  at  a  temperature  of  —5  °C. 
The  analysis  shows  that  the  effect  of  the  imposed  freezeback 
pressures  is  negligible  at  soil  radii  in  excess  of  3.0  m. 


It  is  assumed  that  the  slurry  freezes  under  a  closed 


HOLE  ENLARGEMENT,  />a=o.OOIm 
SOIL  SHEAR  MODULUS,  G  *  500  MPa 
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Radial  Stress  Relaxation  at  the  Pile/Soil  Interface  for  a 
Frozen  -In  Pile 


PILE  HOLE  RADIUS  =  O.I25m 
HOLE  ENLARGEMENT  *  0.001  m 
SOIL  SHEAR  MODULUS  =  500  MPa 
SOIL  TEMPERATURE  =  -5°C 
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Figure  8.6 

Radial  Stress  Relaxation  Around  a  Frozen-In  Pile 
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system*  and  that  relaxation  occurs  only  laterally.  In 
reality*  the  slurry  freezes  Initially  in  an  open  system*  and 
thus*  freezeback  pressures  will  not  be  as  high  as  computed* 
Further*  radial  stress  dissipation  will  be  facilitated  by 
vertical  stress  relaxation*  Also*  the  permafrost  immediately 
surrounding  the  pile  will  be  warmed  by  the  slurry  and  thus 
the  effective  relaxation  temperature  will  be  higher  than  the 
original  ground  temperature* 

Therefore,  the  analysis  is  certainly  conservative*  Even 
so,  the  results  still  confirm  that  excess  stresses  dissipate 
very  quickly*  At  warm  temperatures  (greater  than  —2  °C ) 
Sanger  (1969)  recommends  a  safe  freezeback  time  of  at  least 
10  days*  It  is  demonstrated  in  Figure  8*5  that  during  this 
time*  radial  stresses  will  have  decayed  to  155  kPa  at  —1  °C* 
Thus*  in  warm  permafrost  the  residual  freezeback  pressures 
will  have  only  a  marginal  influence  on  the  short-term 
behaviour*  However*  in  cold  permafrost  it  is  recommended 
that  the  excess  stresses  be  allowed  to  dissipate,  prior  to 
test  loading*  At  a  ground  temperature  of  —5  °C  this  will 
require  an  equilibration  period  of  approximately  40  days* 


8.5  The  Use  Incremental  L9Qdlng  An  Ellf  If gig 

Incremental  load  testing  has  received  widespread  use  in 
the  Arctic*  The  technique  enables  a  considerable  quantity  of 
creep  data  to  be  collected  from  one  pile  test* 

In  Chapter  2  it  was  outlined  that  the  duration  of 
transient  creep  in  ice— rich  frozen  soils  is  a  complex 
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function  of  the  segregated  ice  structure!  the  bulk  density 
and  grain  size  of  the  alneral  soil,  and  the  gro and 
temperature*  In  light  of  this,  it  is  very  difficulty  at  this 
time,  to  recommend  test  guidelines  which  will  ensure  that 
secondary  creep  will  be  achieved  during  the  duration  of  the 
test#  Rather,  it  is  recommended  that  each  load  increment  be 
applied  for  as  long  as  possible  or  until  steady— state  creep 
is  achieved*  In  this  way,  the  creep  rate  at  the  end  of  each 
increment  will  provide  a  conservative  estimate  of  the 
secondary  creep  rate* 

Incremental  testing  is  best  suited  to  positive  load 
increments*  If  negative  load  increments  are  applied 
steady— state  conditions  may  be  considerably  delayed  as  the 
ice  structure  undergos  relaxation* 

Ice-poor  frozen  soils  are  characterised  by  primary 
creep  thus,  interpretation  of  short-term  Incremental  load 
tests  is  complicated  by  the  influence  of  stress  history* 
However,  it  may  be  reasoned  that  for  positive  load 
increments  of  the  same  duration  the  applied  load  at  any 
given  time  tends  to  dominate  the  creep  behaviour  of  the  soil 
compared  to  prior,  lesser  loads  and  that  this  dominance 
becomes  greater  as  time  passes*  That  is,  the  long-term 
primary  creep  settlement  of  an  incrementally  loaded  pile  is 
approximately  independent  of  stress  history  and  depends  only 
upon  tt  *  magnitude  of  the  final  lead*  Consequently,  the 
long-term  primary  creep  settlement  of  a  statically-loaded 
pile  is  expected  to  be  essentially  identical  to  the 
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long-term  settlement-  of  an  Incrementally  loaded  pile 
provided,  of  course,  that  the  final  total  incremental  load 
is  identical  to  the  static  load* 

It  is  demonstrated  earlier  in  this  chapter  chat 
long-term  primary  creep  settlements  may  be  safely  projected 
from  short-term  static  creep  data*  Therefore,  the  governing 
factor  in  defining  a  satisfactory  duration  of  the  load 
increment  is  dependent  only  upon  stress  history 
considerations,  that  is,  the  incremental  load  duration  must 
be  selected  such  that  the  influence  of  prior  lesser  loads  on 
the  current  creep  behaviour  is  negligible* 

Unfortunately,  the  absence  of  high-quality  incremental 
test  data  renders  it  very  difficult  to  estimate  satisfactory 
load  increment  durations*  Hence,  at  this  time  it  is  not 
possible  to  provide  guidelines  for  carrying  out  incremental 
tests  on  frozen  soils*  However,  some  interesting  inferences 
concerning  interpretation  of  incremental  tests  may  be  drawn 
from  the  predictions  of  the  various  material  hardening 
theories* 

Incremental  creep  curves  may  be  reconstructed  from 
static  creep  curves  using  a  number  of  graphical  or 
theoretical  constructions*  A  common  technique  is  based  on 
the  strain-hardening  law  (Hult  (1966)  )•  This  method  was 

used  in  this  thesis  to  construct  the  incremental  creep  curve 
for  uniaxial  incremental  loading  cf  frozen  Ottawa  Sand  at  a 
temperature  of  -1  °C*  The  predicted  incremental  creep  is 
compared  to  the  static  creep  curves  in  Figure  8*7* 


STRAIN 
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Figure  8.7 

Predicted  Incremental  Creep  Curves 
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A  more  rational  procedure,  perhaps,  is  to  approach  the 
problem  in  terms  ol  strain  energy*  The  uniaxial  strain  rate 
is  expressed  as  a  function  of  applied  uniaxial  strain 
energy*  This  relationship  is  summarised  in  graphical  form  in 
Figure  8*8*  The  stress  contours  are  defined  as  energy 
surfaces  (O'Connor  and  Mitchell  (1978)  )•  This  figure  may 

now  be  used  to  predict  the  creep  displacements  during  an 
incremental  load  test*  The  proposed  stress  data  is  shown 
schematically  in  Figure  8*8  and  corresponds  to  uniaxial 
loads  applied  incrementally  at  72  hour  intervals*  The 
resulting  incremental  strain— time  curve  is  deduced  from  this 
figure  and  is  Included  in  Figure  8*7  for  comparison  with  the 
strain-hardening  law  predictions* 

It  is  observed  that  there  is  a  large  discrepancy  in  the 
predicted  short-term  strain  behaviour  for  the  two  methods* 
However,  this  is  only  a  secondary  concern  because  in  the 
long-term  the  predictions  will  converge  and  the 
discrepancies  will  be  insignificant*  The  primary  concern 
however,  is  that  the  predicted  t ime  exponent,  (b  in  Equation 
2*5),  at  the  end  of  the  load  increment,  is  comparable  to  the 
actual  exponent  obtained  from  a  static  load  test*  If  this 
were  not  so  the  long-term  predictions  would  be  grossly  in 
error*  This  issue  is  conveniently  evaluated  in  Figure  8*9 
which  summarises  the  strain-time  curves  on  a  double 
logarithnic  plot* 

It  is  observed  that  the  strain— time  curves  for  the 
secord  and  subsequent  load  increments  are  curved*  This 
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ABSORBED  UNIAXIAL  STRAIN  ENERGY,  E(kPa) 

Figure  8.8 

Energy  Surface  Diagram  for  Frozen  Ottawa  Sand  (T  =  -1°C) 
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TIME  (HRS) 


Figure  8.9 

Predicted  Creep  of  Frozen  Ottawa  Sand  During  Load  Increments 
of  25,  50  and  75  kPa 
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non— 1 i nea ri ty  is  attributable  to  stress  history  effects*  in 
the  long-teri  the  curves  will  become  parallel  to  the  actual 
static  strain-time  curve*  However*  If  this  non-linearity 
were  Ignored  and  the  data  were  int erpretated  as  straight 
lines*  the  energy  surface  and  strain-hardening  theories 
would  predict  time  exponents  of  0*19  and  0*25*  respectively* 
The  reader  is  reminded  that  the  actual  static  time  exponent 
is  0*26*  In  effect*  this  means  that  if  the  72  hour 
incremental  creep  curves  were  extrapolated  according  to  a 
simple  power  law  then  the  long-term  (30  year)  pile 
displacements  in  frozen  Ottawa  sand  would  be  underestimated 
by  as  much  as  25  %•  This  potential  error*  however*  may  be 
incorporated  in  the  factor  of  safety*  Further*  the  error  may 
be  minimised  by  selecting  large  load  increments  and  applying 
the  loads  fcr  longer  periods  of  time* 

8 xt  Qsarxlgjr 

Long-term  creep  behaviour  may  be  reliably  predicted 
from  short-term  load  tests*  The  degree  of  accuracy  of 
prediction  will  depend  primarily  upon  test  control,  and  the 
duration  of  the  applied  load*  Adequate  test  control  implies* 
1*  Ground  temperatures  remain  steady  throughout  the  test 
period* 

2*  The  pile  is  isolated  from  external  forces  in  the  active 
layer  (e*g*  frost  heave  and  downdrag  forces)* 

3*  The  soil  and  ice  conditions  and  the  ground  temperature 


are  adequately  defined* 
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4*  Instrumentation  Is  accurate  and  capable  of  adequately 
monitoring  the  predicted  behaviour* 

5*  Pile  installation  is  implemented  using  high 
quality-control  construction  techniques* 

Further t  for  the  specific  problem  of  frozen— in  piles 
installed  in  winter*  it  is  recommended  that  the  pile  be 
allowed  to  stand  for  at  least  50  days*  prior  to  testing* 
unless  precautions  are  taken  to  relieve  the  freezeback 
pressures  (i*e*  by  actively  controlling  freezeback  or  by 
backfilling  in  stages)*  This  practice  will  ensure  that 
in— situ  lateral  earth  stresses  will  be  representative  of  the 
long-term • 

The  recommended  duration  of  applied  loading  depends 
upon  the  ice  content  and  the  proposed  stress  path  (l*e* 
incremental  or  static  loading)*  For  static  and  incremental 
load  tests  in  ice— rich  frozen  soils  it  is  recommended  that 
constant  loading  be  applied  either  until  steady  state 
conditions  are  attained  or  for  as  long  as  possible  and  in 
any  event  for  a  minimum  period  of  6  days* 

For  static  load  tests  in  ice— poor  frozen  soils*  it  is 
recommended  that  the  load  be  applied  for  a  minimum  period  of 
72  hours  and  that  only  the  data  after  48  hours  be  analysed* 
This  allows  time  for  the  pile  to  undergo  elastic  compression 
and  the  shear  stress  distribution  to  be  representative  of 
the  long-term* 

Incremental  creep  tests  in  ice— poor  frozen  soils  should 
be  interpreted  with  caution*  Load  increments  should  be  as 
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large  as  possible  and  applied  for  as  long  as  possible  so 
that  stress  history  effects  say  be  minimised* 

Finally*  It  Is  determined  that  pile  compressibility 
effects  will  generally  only  affect  the  creep  data  during  the 
first  48  hours  of  loading*  after  which  time*  the  shear 
stresses  may  be  considered  representative  of  the  long-term* 


CHAPTER  9 


CONCLUDING  REMARKS 

This  thesis  has  ilealt  with  a  wide  variety  of  design  and 
construction  problems  associated  with  piling  in  permafrost* 
In  the  light  of  this  research  the  following  comments 
concerning  general  piling  practice  in  the  arctic  are 
presented • 

Sal  Site  ipyggilgfttlRn 

The  selection  of  pile  type  and  installation  method  are 
governed  primarily  by  the  nature  of  the  subsurface  soil 
conditions*  Therefore,  a  site  investigation  is  an  essential 
part  of  the  foundation  design  program*  The  site 
investigation  should  address  the  following  concerns 
1*  Soil  Conditions* 

The  soil  profile  must  be  adequately  determined 
particularly  throughout  the  anticipated  embedded  depth* 
Special  attention  should  be  given  to  determining  if 
boulders  or  dense  gravel  strata  are  present  at  the  site, 
since  this  condition  say  prove  to  be  an  important  design 
factor  especially  in  warm  permafrost* 

The  nature  and  extent  of  segregated  ice  should  be 
identified  since  this  will  determine  whether  thawing  can 
be  permitted*  A  knowledge  of  the  ice  structure  will  also 
Indicate  whether  the  frozen  soil  is  ice-rich  or 
ice  -poor*  The  distinction  between  these  two  conditions 
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is  dependent  primarily  upon  the  ice  structure*  A 
conservative  approach  is  to  assume  that  the  soil  is 
ice— rich  if  the  average  bulk  density  is  less  than  1*7 
Mg/m3*  This  criterion  should  be  refined  as  more  creep 
data  becomes  available*  The  ground  temperature  profile 
is  of  importance  in  design  and  in  governing  pile 
selection*  The  temperature  at  the  tip  of  the  pile  and 
the  thickness  of  the  permafrost  should  be  evaluated  and 
talik  zones,  if  present,  should  be  located* 

2*  Availability  of  Local  Materials  and  Equipment* 

If  the  site  is  underlain  by  thaw— instable 
peraalrost,  a  gravel  pad  should  be  constructed  over  the 
site*  Hence,  a  suitable  gravel  source  must  be  located* 
For  small  projects  the  cost  of  equipment 
mobilisation  is  a  major  portion  of  the  overall  budget 
and  so  the  choice  of  pile  and  installation  method  is 
often  governed  by  the  availability  of  suitable  local 
ma  teria Is • 

9*2  Selection  sl£  Piling  fiyalca 

Once  the  site  investigation  has  identified  the 
permafrost  conditions  the  final  pile  foundation  system  may 
be  selected* 

For  small  structures  timber  piles  are  generally  the 
cheapest  pile  type*  However,  timber  plies  cannot  be  driven 
and  must  be  installed  in  either  drilled  or  steamed  holes* 
Steel  piles  are  usually  more  expensive  than  timber  piles  but 
they  can  be  driven  into  most  types  of  permafrost  and  can 
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support  heavy  loads*  Pipe  piles  can  also  be  converted  into 
thermal  piles*  Concrete  piles  are  usually  the  most  expensive 
pile  type  in  North  Aaerlca  and  hence  are  seldom  used* 
Concrete  piles  may  be  lightly  driven  and  can  suuport  very 
high  structural  loads*  Bored  piles  are  not  recommended  at 
this  time  since  it  has  been  demonstrated  that  present  day 
cements  are  unsuitable  lor  cast— in— place  piling*  Laboratory 
studies  have  shown  that  permafrost  cement— based  concrete  can 
develop  adequate  compressive  strength  for  use  as  bored 
piles*  However,  the  salt  additive  present  in  the  cement 
diffuses  into  the  thin  zone  of  unfrozen  soil  surrounding  the 
pile,  which  is  produced  when  the  concrete  slurry  temperature 
is  greater  than  0  °C*  The  freezing  point  of  this  thin  zone 
of  saline  soil  is  depressed  and  hence  the  adfreeze  strength 
is  reduced  at  warmer  temperatures*  It  is  anticipated  that 
this  problem  may  be  overcome  by  placing  the  concrete  slurry 
at  a  temperature  colder  than  0°  C*  Nevertheless,  a 
comprehensive  field  study  of  this  problem  must  define 
allowable  adfreeze  strengths  before  this  construction  method 
can  be  considered  as  a  viable  piling  alternative* 

Piles  may  be  installed  using  impact  or  vibratory 
driving,  slurrying  and  steaming  techniques*  Steaming 
introduces  large  quantities  of  heat  into  the  permafrost  and 
should  only  be  used  in  cold  permafrost*  Placement  in 
oversized  drilled  holes  has  been  very  popular  at  sites  where 
pile  driving  has  been  considered  unreliable*  In  this  method 
the  annulus  is  backfilled  with  a  sand  slurry  and  allowed  to 
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rcfretzt*  This  method  a&y  bs  used  for  all  types  and  sizes  of 
piles  but  is  particularly  attractive  for  placing  thermal 
piles  since  these  piles  cannot  be  driven* 

Pile  driving  is  the  most  efficient  installation  method* 
Impact  driving  of  steel  piles  has  been  very  successful  in 
fine-grained  frozen  soils*  Stiffened  H  piles  may  also  be 
driven  into  coarse-grained  frozen  soils* 

The  wave  equation  analysis  has  been  used  to  predict 
blow  counts  and  end  bearing  stresses  and  thus  to  evaluate 
the  potential  for  tip  damage  during  driving*  It  is  concluded 
that  steel  H  piles  may  be  driven  into  frozen  clays,  silts 
and  medium  dense  sands  using  standard  driving  equipment* 
even  in  cold  permafrost*  However*  instantaneous  strength 
properties  of  frozen  coarse-grained  soils  must  be  determined 
before  the  analysis  can  be  extended  to  predict  pile 
behavlcur  in  dense  permafrost* 

A  review  of  the  literature  on  vibratory  driving  in 
frozen  soils  has  revealed  that  high-frequency  vibratory 
methods  are  the  most  efficient  piling  method  at  this  time* 
Vibratory  driving  has  tremendous  potential  in  dense  frozen 
soils*  where  problems  have  been  encountered  using 
conventional  steaming*  driving  and  slurrying  techniques*  The 
vibratory  energy  is  converted  into  heat  at  the  pile  and  the 
pile  advances  through  the  permafrost  by  liquefying  the 
thawed  soil  at  the  oils  tip* 

A  summary  of  piling  techniques  is  presented  in  Figure 
9*1*  This  chart  provides  guidelines  for  determining  the 
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suitable  piling  alternatives*  The  ground  temperature  and  the 
soil  type  are  the  major  geotechnical  factors  that  determine 
which  methods  may  be  considered*  Vibratory  driving  and 
slurrying  are  the  most  versatile  installation  methods  but 
neither  technique  can  be  used  in  all  types  of  frozen  soils* 
Slurrying  techniques  must  be  used  in  warm  permafrost  since 
thermal  piles  cannot  be  driven*  Moreover,  vibratory  driving 
has  advantages  over  slurrying  in  dense  frozen  soils  since 
drilling  in  these  soils  is  often  very  difficult* 

Economic  considerations  usually  govern  the  final 
selection  of  the  piling  system*  For  small-scale  projects  the 
choice  of  pile  type  and  installation  method  will  be  governed 
by  the  availability  of  local  materials  and  equipment  and  at 
this  time  this  usually  precludes  the  use  of  vibratory  driven 
piles*  However*  for  large-scale  projects  the  initial  high 
cost  of  equipment  mobilisation  may  be  offset  by  the 
construction  time  and  effort  saved  by  using  the  more 
efficient  vibratory  piling  system* 

In  recent  times*  the  Soviets  have  experimented  with 
combined  steaming  and  vibratory  techniques*  These  methods 
appear  very  promising  and  offer  potential  for  installing 
piles  and  well  casings  in  dense  frozen  soils* 


£jl3  EJ1«  fiat  ign 

Pile  design  must  satisfy  both  thermal  and  rheological 
considerations*  The  thermal  aspect  can  be  subdivided 


according  to  the  following  headings 
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1*  Degradation  of  the  permafrost  beneath  the  structure 
2*  Heat  Conduction  down  the  pile 
3*  Freezefcack  tine  for  slurried  piles 
4*  Analysis  of  thermal  piles* 

The  above  concerns  may  be  analysed  using  the  well 
established  procedures  outlined  in  Chapter  3* 

The  rheological  aspect  of  design  ensures  safety  against 
gross  failure  and  excessive  settlement*  If  competent  bedrock 
is  within  practical  piling  distance  then  end  bearing  piles 
are  usually  preferred*  However*  if  this  approach  is 
impractical  then  the  pile  must  develop  adequate  support  in 
the  permafrost  soils*  Design  against  skin  friction  failure 
is  based  upon  allowable  adfreeze  strengths*  The  long-term 
adfreeze  strength  may  be  directly  related  to  the  long-term 
cohesive  strength  by  means  of  a  simple  coefficient  which  is 
dependent  only  upon  the  pile  type(  Equetion  5*1)*  In  this 
way,  the  allowable  adfreeze  strength  may  be  determined  from 
Tables  5*1  and  5*2* 

Design  against  excessive  settlement  may  be  based  either 
upon  field  creep  tests  or  theoretical  predictions  of  pile 
creep*  The  implications  of  poor  pile  testing  techniques  have 
been  studied  and  guidelines  for  data  interpretation  have 
been  presented  (Chapter  8)*  However,  long-term  static  and 
incremental  load  tests  are  needed  to  improve  interpretation 
of  stage— loaded  tests* 

Simple  shear  laboratory  studies  have  outlined  the 


manner  in  which  the  shaft  stress  is  transferred  to  the 
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permafrost  via  the  adfreeze  bond*  It  Is  concluded  that  the 
shear  strain  is  continuous  across  the  adfreeze  bond* 
provided  that  the  applied  shear  stress  does  not  exceed  the 
long-term  adfreeze  strength* 

Long— term  creep  tests  on  frozen  soils  have  been 
reviewed  and  creep  laws  have  been  proposed  for  a  wide  range 
of  permafrost  soils.  It  is  concluded  that  the  long-term 
creep  behaviour  of  all  frozen  soils  may  be  described  by 
primary  creep  laws  and  that  the  long-term  deformation 
behaviour  of  ice  may  be  approximated  by  steady— state  creep* 
The  long-term  creep  of  a  composite  body  of  segregated  ice 
and  frozen  soil  is  governed  by  secondary  creep  within  the 
network  of  segregated  ice*  Hence*  it  may  be  argued  that  the 
flow  law  for  ice  provides  the  upper  limit  to  the  flow  law 
for  ice-rich  frozen  soils*  Nevertheless*  long-term  quality 
controlled  tests  on  ice-rich  soils  ore  required  to  refine 
the  creep  laws  proposed  in  this  thesis* 

In  the  light  of  the  laboratory  studies  and  the  proposed 
constitutive  relationships  pile  creep  has  been  analysed 
using  the  theory  of  simple  shearing  of  concentric  cylinders* 
The  analysis  holds  for  both  primary  and  secondary  creep  and 
is  applicable  to  both  ice— rich  and  ice— poor  soils*  Design 
charts  for  piles  In  ice  or  ice-rich  Boils*  frozen  clay, 
frozen  silt  and  frozen  sand  are  presented  in  Figures  5*4  to 
5*7  respectively* 

End  bearing  support  is  negligible  for  piles  in 
homogeneous  frozen  soils*  However*  if  the  permafrost 
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stiffness  increases 
bearing  design  may  b 
has  been  predicted  u 
theory  and  design  ch 
frozen  clay,  frozen 
Figures  5*8  to  5.11 
analysis  of  pile  ere 
confirmed  the  valid! 

In  general,  pil 
by  settlement#  Pile 
both  settlement  and 
determining  allowabl 
Figure  5*18*  It  is  r 
properties  of  warm  ( 
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permafrost  it  is  rec 
taken  to  chill  the  g 
compact  the  permafro 
soils  should  only  be 
which  is  embedded  in 
-1  °C. 

In  conclusion, 
field  studies  are  ne 
frozen  soil  creep  da 


significantly  with  depth  then  an  end 
e  Justified*  Creep  of  end  bearing  piles 
sing  the  expanding  cylindrical  cavity 
arts  for  piles  in  ice  or  ice— rich  soils, 
silt  and  frozen  sand  are  presented  in 
respectively*  A  critical  and  detailed 
ep  test  data  in  frozen  soils  has 
ty  of  the  proposed  designs* 
e  design  in  ice— rich  soils  is  governed 
design  in  ice— poor  soils  should  satisfy 
strength  criteria*  Guidelines  for 
e  bearing  capacities  are  presented  in 
ecognised  that  the  geotechnical 
greater  than  —1  °C )  permafrost  are 
hat  the  thermal  balance  in  such  soils  is 
tate  of  equilibrium*  Hence,  in  marginal 
ommended  that  special  precautions  be 
round  to  below  -1  °C  or  to  prethaw  and 
st*  Further,  pile  support  in  all  frozen 
determined  for  that  portion  of  the  pile 
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it  is  emphasised  that  case  histories  and 
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ta  are  clearly  recorded* 
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APPENDIX  A 


ANALYSIS  OF  PRIMARY  CREEP  DATA,  SAYLES  C 1973  ) 


To  facilitate  data  reduction  the  results  were  analysed 
in  terms  of  strain  rather  than  strain  rate.  Inspection  of 
Equation  2.5  reveals  that  for  constant  stress  and 
temperature,  the  creep  data  will  give  a  straight  line  of 
gradient,  b,  on  a  double  logarithmic  plot  of  strain  against 
time*  A  summary  of  the  creep  data  is  presented,  according  to 
the  above  format,  in  Figure  A*l*  It  is  observed  that  this 
data  does  support  the  simple  power  relationship  between 
strain  and  time*  The  intercept  on  the  strain  axis,  at  a  time 
equal  to  one  hour,  is  defined  as  'A'*  A  summary  of  b  and  A 
values  obtained  from  Figure  A*1  are  presented  in  Table  A*l* 
Inspection  of  this  table  reveals  that  the  time  exponent,  b, 
is  essentially  insensitive  to  the  magnitude  of  the  applied 
stress  and  assumes  an  average  constant  value  of  0*26*  Each 
data  set  has  been  modified  to  comply  with  a  constant 
exponent  of  0*26*  In  this  way,  Figure  A*2  presents  the 
modified  plote  and  Table  A* 2  summarises  the  modified  A 
ve lues • 

Analysis  of  these  data  yields  a  'c'  value  of  1*316  and 
an  1 f 1  value  of  1*3,  which  is  equivalent  to  a  "pseudo" 
friction  angle  of  7*5  0  Comparison  of  the  primary  creep  data 
presented  by  Vialov  (1962)  and  Sayles  (1968)  suggests  that 
*k'  is  somewhat  insensitive  to  material  type  and  is 
approximately  equal  to  1*0*  Thus  in  this  analysis,  for  'k* 
equal  to  1*0, •w*  assumes  a  value  of  21*0  MPa*hr  /°C  •  A 
summary  of  these  parameters  is  presented  in  Table  A*3*  This 
table  also  summarises  creep  data  from  other  investigators* 
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3  ‘NIVU1S 


TIME  (HRS) 

Figure  A.1  Strain  Versus  Time  for  Frozen  Ottawa  Sand  (Sayles  (1 973)) 
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Confining 
Stress ,03 
(kPa) 

Deviatoric 
Stress ,0^-03 
(kPa) 

b 

A  x  103 
(hr-  b  .) 

345 

517 

0.233 

1.12 

345 

690 

0.24 

1.82 

345 

1380 

0.315 

2.05 

345 

1720 

0-.259 

4.50 

517 

256 

0.287 

0.37 

517 

517 

0.189 

1.10 

517 

1030 

0.289 

1.26 

517 

1380 

0.376 

1.26 

2760 

4130 

0.24 

14.4 

2760 

5500 

0.22 

24.2 

Table  A.l  Summary  of  'A'  and  '  b  ’  Values 
-Data  From  Sayles  (1973) 
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Confining 

Deviatoric 

Modified 

Modified 

Stress, 03  Stress  jCJi-aq 

b 

A  x  103 

(kPa) 

(kPa) 

t 

(hr"b  ) 

345 

517 

0.26 

0.92 

345 

690 

0.26 

1.6 

345 

1380 

0.26 

3.1 

345 

1720 

0.26 

4.4 

517 

256 

0.26 

0.43 

517 

517 

0.26 

0.64 

517 

1030 

0.26 

1.4 

517 

1380 

0.26 

2.4 

2760 

4130 

0.26 

12.0 

2760 

5500 

0.26 

20.0 

A. 2  Summary 

of  Modified 

A  and  X/m 

Values 

-Data 

from  Sayles 

(1973) 

Soil 


b 


w  k  k 

(MPa.hrc/°CK) 


Suffield  Clay 

Bat-baioss  Clay"*- 

2.38 

0.333 

0.73 

1.2 

2.50 

0.45 

1.25 

0.97 

Hanover  Silt^ 

2.04 

0.151 

4.58 

0.87 

Callovian  Sandy  Loaml 

3.70 

0.370 

0.88 

0.89 

Ottawa  Sand^ 

1.28 

0.449 

44.7 

1.0 

Manchester  Fine  Sand^ 

2.63 

0.631 

2.29 

1.0 

Ottawa  Sand  (this  study) 

1.32 

0.263 

21.0 

1.0 

^  Vialov  (1962) 

2  Sayles  (1968) 

3  Sayles  and  Haynes  (1974) 


Table  A.  3  Constants  for  Primary  Creep  Equation 
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TIME  (  HRS  ) 

Figure  A.2  Modified  Strain  Versus  Time  for  Frozen  Ottawa  Sand  (Sayles  (1973)) 


APPENDIX  B 


SUMMARY  OF  LABORATORY  CREEP  TEST  RESULTS 


TETP  (DEC  P  flPP  STRESS  (KPfl)  SHEflR  STRAIN  STRN  RATE  (/DRY)  X10 

■|  .|  I  o  *0  100  0.0000  0.0010  0-0020  0.0000  0.0040  0-0080  -I  0  I  I  a 
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Fi£  j  eB.1  SHEAR  CREEP  OF  ICE  IN  TSttl  (  Y»  -0.90  MG/CU.M) 
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Fif  jre  B.2  SHERR  CREEP  OF  SILT2  IN  TSH1  (  Yf  «159  MG/CU.M) 
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Figure  B.3  SHEAR  CREEP  OF  SAND  IN  TS#1  (  Y»  -2.03  MG/CU/I) 
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T 


Figure  B.4  VERT  CREEP  OF  ICE.SILT2  RND  SRND  IN  TS«1 


TEMP  (DEG  C)  flPP  STRESS  (KPFO  SHEAR  STRAIN  STRN  RATE  (/DAY)  XtO 

_t  _1  o  O  60  100  0.0000  0-0010  0.00*0  0-0090  -1  0  1  >  a 


198 


T 


■I - »-  ■  * - 1  ■  1 - 1 - h 


40 


18  20 

TIME  (DRYS) 


Figure  B.5  SHEAR  CREEP  OF  ICE  IN  TS#2  (  Yi  -0.90  tlG/CU.M) 


TEHP  (DEC  O  RPP  STRESS  (KPfl)  SHERR  STRRIN  STRN  RfTTE  (/DRY)  X10 
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Figure  B.6  SHEAR  CREEP  OF  SILT2  IN  TS#2  (  7f  -154  MG/CU.M) 
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Figure  B.8  VERT  CREEP  OF  ICE.SILT2  AND  SAND  IN  TS#2 
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SHEAR  CREEP  OF  SILT1  IN  TSH2  ( *1.76  IIG/CUM) 
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SHEAR  CREEP  OF  SILT2  IN  TS#3  (  7f  -142  MG/CUID 
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SHEAR  CREEP  OF  SILT 3  IN  TSH3  (  */f  -0.96  HG/CU.M) 
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Figure  B.13 


SHEAR  CREEP  OF  SILT2  IN  TSH4  (  yf  =142  MG/CU.n) 
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Figure  B.14 

SHEAR  CREEP  OF  SILT3  IN  TS#4  (  Tf  -0.96  MG/CU.M) 
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Figure  B.1 5 

VERT  CREEP  OF  SILT2  RND  SILT3  IN  TS#4 
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SHEAR  CREEP  OF  SILT2  IN  TS#5  (Yf  -142  MG/CU.M) 
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Figure  B.18 

SHERR  CREEP  OF  SILT3  IN  TS#S  (  Yi  -0.96  MG/CUM) 
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Figure  B.1 9 

VERT  CREEP  OF  SILT1.SILT2  RND  SILT3  IN  TS#5 
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Figure  B. 21 

SHEAR  CREEP  OF  SILT1  IN  TS#6  (  Yf  »189  HG/CU.n) 
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Figure  B.22 

SHERR  CREEP  OF  SRND  IN  TS#6  ( -2.05  MG/CUM) 
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Figure  B.23 


VERT  CREEP  OF  ICE^ILTI  AND  SAND  IN  TS#6 
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APPENDIX  C 


ANALYSIS  OF  CREEP  OF 


NON-CIRCULAR  PILES 


The  creep  of  a  circular  friction  pile 
by  Equation  5*4*  It  may  be  similarly  shown 
a  square  pile,  of  width  s,  is  given  by 


In  ice  is  given 
that  the  creep  of 


„  r\_iJ  n 
r\-  V 


~2_ 


C.  1 


From  Equations  5* 
of  dlaneter,  2a, 
width,  lex  * 

An  H  pi le  of 
approximated  by  a 
circular  pile  of 
H  pile  of  average 
condi tions • 


4  and  C*1  it  emerges  that  a  circular  pile 
creeps  at  the  same  rate  as  a  square  pile  of 
under  identical  loading  conditions* 
cross-sectional  dimensions,  1  by  b,  may  be 
square  pile  of  width  (l+b)/2*  Thus,  a 
diameter,  2a,  creeps  at  the  same  rate  as  an 
width,  *  under  identical  loading 
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APPENEIX  D 


COMPUTER  LISTING  -  HAVE  EQUATION 


c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

C  V= VELOCITY 

C  C=EISP1ACEMENT 

C  DD=?LAST1C  DISPLACEMENT 

C  R=SCIL  RESIST A  NCE 

C  C=S?RING  COMPRESSION 

C  I =  E OFC E  IN  SPRING 

C  E=CCEF  FI  Cl EN I  CE  RESIIIION 

C  B=BZ1GHT 

C  K=S?RING  BCD0L0S 

C  C'CUAKE 

C  SIGL=1CBER  LIMII  OF  1117-DEPENDENT  STRESS 

C  SIGU=UPFER  LI  fill  OF  1I8I-EI PENEINT  STEESS 

C  EO  =  DEN  SI I Y 

C  TM=  70 3 N GS  MODULUS 

C  AL  =  ?ILF  L  E  N  GIH 

C  IFL=LONER  TIME  LIMIT  OF  TIBE-DEPENDEKT  STRESS 

C  BEN 0= VALUE  CF  SCII  RESISTANCE  IT  THE  ONSET  CE  EEBOONE 

C  ET=1IME  1NIEEVAL 

EEAL  V  (5  0)  ,  D  (50)  ,  DO  ( 50 )  ,  E  (5 0 )  ,C  (50)  ,  F  (50)  ,  E  (2)  , 

/B(50),KD(5C)  ,K  (50) 

EEAE(1, 100)01,1  ( 1 )  ,  E  (2)  ,  C,  V  (1)  ,A?,B,AN,TFL,EO,TM,Al,li(1)  ,  B  (2)  ,K(1) 

kc-EO/386 

J=0 

m=o 
1=0 
JA  =  0 
HA=C 

C0EFF=9. 5*AF 

I A=0. 0 

EL=DT*9/12*  (7M/BC) **0. 5 
i=AL/DL 
OL=AL/N 
B  =  N*2 
IK  =  N-  1 
DO  39  1=3, R 
V  (I)=RC*AP»DL *12*386 
39  E  (I) =AF*7M/12/0L 
K  (2) = Af  * 7 8/ 1 2/DL 
TIBE=0.0 
EO  1  1=2, N 

1  B  (I )  =0 . 0 
DO  2  I  =  1 ,  N 
1  (1)=0.0 
C(I)=0.0 
DD  (1)  =3.0 
D (I) =0.0 

2  B (1)=0.0 


*  END  BEARING  RESISTANCE  CNLI  -  NO  TENSION  AT  TIP 

*  THIS  PROGRAM  ANALYSES  A  SI  ATI C ALLY-DRI VEN  PILE  USING  THE  HAVE 

*  EQUATION.  IT  CCMFUTZS  THE  VARIA1ION  CF  PILE  SEI,  DISPLACEMENT 
»  AND  INTERNAL  STRESSES  NIIH  TIME.  THE  SOIL  MCOE1  ASSUMES  AN 

*  ELASTIC  QUAKE  OF  0.1  AND  PROVIDES  AN  END-BEARING  RESISTANCE 

*  NH1CH  IS  A  FUNCTION  CF  THE  VELOCITY  CF  ThI  PILE  TIP.  DURING 

*  REPC’JNE  THE  FILE  RESISTANCE  IS  DETERMINED  BY  ASSUMING  THAT 

*  THE  RESISTANCE  AT  I  HE  ONSET  OF  REBOUND  IS  EQUAL  TC  SIGL. 

* 

»»»»»•»**»****»**•»••»•***•»•••»••••*»••*•••****»•**»*•»••»»*«» 
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S1GL*  (1EL)  **AN*8 

19  J*J*1 
HA*  0 

IF  (R (N) .11. 0. 0)R (N) *0. 

IIHF*TI!1I*CT 

C  COHPU1E  ?III  DISPLACEHENTS 
00  6  I  *  1 ,  N 

«  0 (I)=D  (I) *V  (I) *12*01 
C  CCHPOTE  PLASTIC  DEFOR  NATIC  N  AT  FILE  IIP 
IF(DD(N) .11. (D(N)-O) )DC(N)«D(N)-C 
C  COHPtlTE  SOIL  RESISTANCE  AT  TIP  CURING  TIHE  INTERVAL 
IF  (0  (N ) .EC.O.OJGCTO  5 
IF  (V (N)  .17.0.0) GOTO  69 
IF  (C/V (N) . I T . T  FL ) GOIC  63 
R  (N) =CCEFI*SIGL 
GOIC  50 

63  R (N) =COIEE*B*  (  (C/V  (N) ) **AN) 

GOTO  50 

5  R (N) =0  . 

GOTO  50 

69  JA  =  J >♦  1 

IF  (JA.GI. 1) GOTO  51 
REND=R  (N) 

51  R (N)= (0 (N)-DD  (N) )/Q*RBND 

C  CCHPOTE  SPRING  COHPR ESSICNS,  SPRING  LOADS  AND  SIGH  ENT  VELOCITIES 
50  CALL  VIICC  (C,LN,C,K1,K,I,E,Lf V,R,W,DT) 

IF  (R.  (N)  .  LT.  0.  0)  F  ( N)  =  0 . 

C  DISPLAY  TIKI  AND  PLASTIC  DISFLACEHENT 
IF  (J/1C»10.KI.J* 10/10) GOTO  20 
VR IIE (6, 2 00)  1 1  HE, DO (N) ,R  (N) ,D(N) , V(N) 

20  IF  (TIHE. GT. 1.0)  GOIO  6 
GOTO  IS 

100  FORHAT  (F12.9, 16F12.3) 

200  FORNAT (I6.S,3X,F  10.6 ,F1C. 0,2F1C.5) 

201  FORM  AT  (6112. 6) 

210  FGFHAT  (F£.  1) 

6  CONTINDE 
STOP 
END 

SUEROOTIKE  VELCC (C , L N , I , K 1 , K ,F  ,E ,L, V , R, B , DT) 

C  ****•*»»**»«»»»»»»*»**•***»»*»»»»*«************»*********»*******»** 

C  THIS  SDEROOI1NE  CALCOLATES  T  BE  SPRING  COHFEESSICIiS,  SPRING  LOADS  AND 
C  SEG3ENT  VELOCITIES. 

C  **»»»**»***»»*•*»**»****»»***»*»»*«**»********♦******#**»•***»***«»* 

REAL  C  (5C)  ,  D  (50)  ,  F  ( 5 0)  ,  F.  ( 50)  , E  (2 )  ,  V  (5 0)  ,  R  ( 50)  ,W(50) 

N  =  LNO 
I=C  (1) 

I=C  (2) 

DO  7  1=1, LN 

7  C  (I)  =D  (I)  -D  (I*  1) 

C  COHPOTE  FI 

It  (K 1 .  NI. 0 ) GOTO  1  6 
IF  (  (C  ( 1) -I) . IT. 0.0) GCIC  8 
16  IF  (  (C  ( 1) -C1HAI) .LI.0.0) GOTCe 
151=0 

I  (1)=C(1)*K  (1) 

GOTO  9 

8  R  1  =  K 1*1 

IF  (K 1 . RE. 1)GOTC  16 
C1HAX= 1 

16  F(1)  =  (K  ( 1 )  /  (I  ( 1)  **2)  )*C  (1)-  (1/  (E  ( 1)  **2)  -1)  *K  ( 1)  *C  1 HAI 
IF  (F  (1)  .  LT  .  C .  0  )  F  (1)  =0.  0 

C  COHPDTE  F2 

9  IF  (L.NE.C) G07018 

IF  (  (C  (2) -Y)  .LT.0.0) GOTO  10 
18  IF  ( (C  (2J-C2HAX) ,1T.C.O)G01010 
L*0 

I  (2)  =C  (2)  *K  (2) 

GOTO  11 

10  l=L  *  1 

IF  (l.NI. 1) GOT0 1 7 
C2HAX= I 

17  F(2)«(K(2)/(E(2)**2))*C(2)-(1/(E(2)**2J-1)*lt(2)*C2HAX 
IF (1(2) .Ll.O.OJF  (2) *0. 0 

C  CCHPOTE  RE8AINING  F*S 

11  DO  12  1*3, IN 

12  7  (I)  *C  (1)  *15  (I) 

C  CCHPOTE  SEGHENT  VELOCITIES 

V  (1)*V  (1)-  (F(1)*R(1) ) *CT*32/«  (1) 

DO  13  1*2, N 

13  »(I)*V  (I)  ♦  (I  (I-l)-r  (I)-R(I)  )  *01*32/11(1) 

RETURN 

•  an 
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APPENDIX  E 

THAW  PENETRATION  AROUND  A  BORED  PILE  DURING  CURING 


In  this  analysis  the  water/cement/aggrep&te  ratio  of 
the  "permafrost  cement"  concrete  is  assumed  to  be 
0  •  44/ 1 • 0/ 2 • 75  by  weighty  respectively#  The  density  of  the 
concrete  was  assumed  to  be  2#1  Mg/m3  and  the  heat  of 
hydration  of  permafrost  cement  was  taken  as  10000  cals/kg# 

Thus,  for  a  0#5  ro  diameter  pile,  the  mass  of  cement  per 
unit  length  is  98  kg/m#  Therefore,  the  total  heat  released 
to  the  permafrost  is  4#12  kJ/m#  An  upper  estimate  of  the 
thickness  of  the  thawed  annulus  may  be  obtained  if  sensible 
heat  is  ignored#  Sence,  the  heat  of  hydration  will  melt  12#3 
kg/  m  of  ice#  This  is  equivalent  to  a  thawed  annulus  of 
thickness  9  mm  in  ice  and  20  mm  ir  permafrost  containing  20 
%  ice  by  weight. 


APPENDIX  F 


COMPUTER  LISTING  OF  FREEZEBACI  PRESSURE  ANALYSIS  PROGRAM 


C*****Tnifi  PLOORAM  COHFUTFS  THC  CHANGE  IN  RADIAL  STfeESS  t  ITH  1'IMF.,  AROUND** 
C**#*&A  SLUPPITD  PILE.****** 

DT  If  1-  i  f:N  r>(  \  r  )  ,  RKTRftC  1  0  ),  SR)  (  !0  SL(  1  0  ),SB(  1  0  ) 

Ri  1  .  »  25 

G=500. 

DRA=.DQ1 

c  =  2 .  0-' 

SL1  NF=-0,  ~0 

/K-o.ni  r. :< s- 

Fi8B  =  C  )*C' /.r.  :  2**1  1  -  C  (  C-  I  )/2.  ) 

HUE-  5 

NKDI-.'  =  NDP~1 
T— 1 . OK- ?3 
DO  I  1  =  1, NNPP 

1  M  T+l  )=2*Ft  I  > 

DO  P  1  =  1,  NR  I? 

F  F3H  T  1=  DBA*  4  *G*RC  1  )/R(  1  )**2 

K=DRA*4 *0*1 ( 1 ) 

GOTO  4 

3  T=T* 10. 

4  TS  -T**0  « 1 51 
D=B"H*  fc'*(  C-  1  )*TS 
DO  2  1  =  1, KD  P 

SBC  I  1  =  S B T  (  I  )/(  (  !+BBB*SBT(.I  )**<  C-l  )*TS  >)**(  1 /(  C-l  )  ) 

SL(  I  )=  2  *  L  *  C  1  A  K(  I  1  *  *  2^  D  )M  /  D*  A  LOG  1  0(  R(  I  )**2/(  R(  I  )**2  + 

/ 1»  )  )  l+SLINF 

IFCT.LT.O.Oni  )SL(  T  >  =  SLIWF 

2  RSTRSC  I  )  =  (  SLC  r  )- SB (  I  )  1*500 
UTRITBf  A  ,  10  )T  ,(  RSTDSC  11,1=1,8) 

IF( r.LT.O. POJ  )T=0. 001 

IFC  T.LT.  10000.  1GOTO  3 
10  FORMATC Fi2.3,3X, 8FE.2) 

STOP 

END 
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